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FOREWORD 

This  report is the  documentation of the results of a program 
to analyze  and  integrate  data  generated  from NASA-sponsored  stud- 
ies  on welding aluminum  alloys,  especially 2014 and 2219 alloys. 
Earlier  work on this  was  published as NASA CR-61261, from  George 
C. Marshall Space Flight Center, Marshall Space Flight  Center, 
Alabama 35812. The earlier work  was funded under a Department 
of Army  grant, DA-Ol-02I-AMC-14693(Z).  The present  work was 
performed  under NAS 8-24364 contract. 
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CHAPTER 1 

In t roduc t ion  

Space   explora t ion  i s  n o t  accomplished by wi sh fu l  
t h ink ing   and   i n t ense   des i r e  alone. Artifacts, too ls ,  and 
t r a n s p o r t a t i o n   v e h i c l e s  are brought   about   by   sc ien t i f ic   and  
t e c h n o l o g i c a l   a c t i v i t y .  A s  i n   o t h e r   e s c a p a d e s  of c u r i o s i t y ,  
man der ives   by-products   o f   knowledge   in   t echnology  tha t  are 
b e n e f i c i a l   i n   r e s p e c t  t o  peacefu l   coexis tence   and   b iosoc ia l  
well-being. The welding  techniques  and  equipment  that  are 
used t o  produce  space  vehicles  of h i g h   s t r u c t u r a l   r e l i a b i l i t y  
can a l so  be  used t o  make be t te r  and more economical  products,  
n e c e s s a r y   i n   o u r  more  mundane ex i s t ence .  

Dur ing   t he   f ab r i ca t ion   o f   t he   Sa tu rn  V space   veh ic l e s  
used fo r  the   Apol lo   lunar   miss ions ,   an   ex tens ive   research  
program  on aluminum welding w a s  conducted  by  the  Welding 
Development  Branch i n  the Manufacturing  Engineering  Laboratory 
of   the  G .  C .  Marshal l   Space  Fl ight   Center ,  NASA. A s  a p a r t  
of the  program, a s tudy was conducted a t  the  Massachuset ts  
I n s t i t u t e  of Technology  under  Contract N o .  NAS 8-24364 t o  
i n t e g r a t e  NASA-sponsored s t u d i e s  on  aluminum  welding. 

R e s u l t s   d i s c u s s e d   i n   t h e s e   r e p o r t s  are associated wi th  
weld ing   fabr ica t ion   of  t h e  Sa turn  V. However, they  should 
be   app l i cab le  t o  the  welding of aluminum a l l o y s   u s e d   i n  
fu tu re   space   veh ic l e s   and   ae rospace   s t ruc tu res .  Basic p r in -  
c ip l e s   desc r ibed   he re   can  be also a p p l i c a b l e  t o  s t r u c t u r e s   i n  
non-space  industr ies .  

Although t h i s   r e p o r t  i s  concerned  with  the  welding of 

aluminum s t r u c t u r e s ,  it i s  important  t o  u n d e r s t a n d   t h a t   t h i s  
i s  only   one   phase   o f   the   fabr ica t ion  of a complex s t r u c t u r e  
such as t he   Sa tu rn  V space   vehic le ,   and   mus t   eventua l ly  be 
r e l a t e d  t o  a much grea te r   whole .  The Sa turn  V r e q u i r e s  a very 



complex  system of d e s i g n   a n d   f a b r i c a t i o n  composed of many 
phases.   These  phases  include  design, material s e l e c t i o n ,  
stress ana lys is ,   cu t t ing ,   machin ing ,   forming ,   jo in ing ,   and  
inspection.  Each  phase i s  c l o s e l y   r e l a t e d  t o  and  dependent 
upon the   o thers .   For   example ,   the  material se l ec t ion   mus t  
be made not   on ly   on   the   bas i s   o f   mechanica l   p roper t ies   bu t  
a l so  wi th   regard   to   forming   and   jo in ing  the material. The 
design  must be made so t h a t  a s t r u c t u r e   w i t h   s u f f i c i e n t  re- 
l i a b i l i t y   c a n  be f a b r i c a t e d   w i t h  a tolerable dimensional 
accuracy.  There are also many fac to r s   w i th in   each   phase  of 
des ign   and   fabr ica t ion .   For   example ,   the   qua l i ty   o f  a weld 
depends upon such factors a s   t h e   c l e a n l i n e s s  of t h e  metal 
s u r f a c e ,   p u r i t y  of the   sh ie ld ing   gas ,   and   the   weld ing   condi -  
t i o n s .  To i m p r o v e   t h e   s t r u c t u r a l   r e l i a b i l i t y   o f  a space 
v e h i c l e ,  w e  must know more about each p h a s e ,   t h e   r e l a t i o n -  
s h i p   o f   f a c t o r s   w i t h i n  i t ,  t h e   r e l a t i o n s h i p  of any  one  phase 
to   o ther   phases ,   and   u l t imate ly ,   the   impor tance  of each  phase 
t o   t h e   f i n a l   p r o d u c t .  With t h i s  knowledge, time and money 
can be spen t   mos t   e f f ec t ive ly  t o  improve  the  product.  

Welding  has been u s e d   e x t e n s i v e l y   i n   t h e   f a b r i c a t i o n  of 
the   Sa turn  V space   veh ic l e s .  NASA has   s e l ec t ed   h igh - s t r eng th  
aluminum a l l o y s ,   p r i m a r i l y  2 0 1 4  and 2 2 1 9 ,  as t h e  major s t r u c -  
t u r a l  materials f o r   t h e  huge fue l   and   ox id i ze r   t anks .  Gas 

tungsten-arc  (GTA) and  gas metal-arc (GMA) processes   have 
been   u sed   fo r   f ab r i ca t ing   t hese   t anks .  However, fusion  weld- 
ing   o f   h igh-s t rength   hea t - t rea ted  aluminum a l l o y s   p r e s e n t s  
t he   fo l lowing   r e l i ab i l i t y   p rob lems :  

1) The p o s s i b i l i t y   o f   o b t a i n i n g   d e f e c t s   i n   w e l d s  
2 )  Undesirable   thermal   effects   due t o  welding  heat  

Aluminum a l l o y s  are s u b j e c t   t o   c e r t a i n   t y p e s   o f  weld 
de fec t s ,   e spec ia l ly   po ros i ty .   Eve ry   a t t empt   shou ld  be made 
t o  minimize   poros i ty ,   bu t  it has become espec ia l ly   impor t an t  
because   o f   t he   l imi t ed   e f f ec t iveness   o f   p re sen t ly   ava i l ab le  
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inspection  techniques.  Among  various  nondestructive  inspection 
techniques,  visual  and  X-ray  (and  sometimes  ultrasonic)  inspec- 
tions  are  used  to  examine  structural  welds.  However,  none  of 
these  techniques  is  completely  satisfactory.  The  usefulness 
of  visual  inspection  is  limited.  X-ray  inspection is usually 
two-dimensional,  and  three-dimensional  distributions  of  defects 
are not determined. 

The  intense  heat  generated  by  the  welding  arc  causes 
various  undesirable  thermal  effects.  Metallurgical  stiuc- 
tures  of  the  weld  metal  and  the  heat-affected  zone  differ 
from  those of the  original  base  metal. A welded  joint  is 
composed  of  many  zones  with  different  structures  and  mecha- 
nical  properties. It  is  known  that  the  ultimate  tensile 
strength  of  a  welded  joint in high-strength  heat-treated 
aluminum  alloy  decreases  with  increasing  heat  input,  that 
is, the  amount  of  heat  energy  supplied  per  inch of weld  length. 
Welding  heat  also  causes  residual  stresses  and  distortion. 
Because  there  is no reliable  nondestructive  technique  to  deter- 
mine  the  strength  of  a  welded  structure, it  is  essential  to 
control  the  manufacturing  process so that  the  fluctuation in 
behavior of welded  structures  can  be  minimized  and  limited  to 
a  certain  range. 

The  ultimate  purpose  of  the NASA welding  research  program 
is  to  improve  the  performance  and  reliability  of  space  vehi- 
cles.  This  can  be  done  by  investigating  each  of  the  problems 
involved  and  then  determining  how  best  to  utilize  the  infor- 
mation  obtained.  Results  obtained  in  some of the  investigations 
may  be  contradictory;  for  example,  a  welding  process  using  a 
certain  set  of  parameters  found  to  be  very  effective  in  re- 
ducing  porosity  may  be  undesirable  because  of  large  thermal 
effects. It  is  important,  therefore,  to  integrate  results 
obtained  in  the  individual  investigations.  Such  integration 
of  data  will  provide  a  basis  of  recommendations  for  design 
and  fabrication  of  space  vehicles. 

1- 3 



The welding  process  i s  a dynamic  whole,   an  entirety.  It 

i s  a series of i n t e r r e l a t e d ,   i n t e r d e p e n d e n t   e v e n t s .  We are 
n o t  able t o  minutely  analyze the dynamic whole, but  must ar- 
b i t r a r i l y  select restricted areas f o r   s t u d y ,  which might be 

considered  f ragments   of  t h e  map of welding. The s t u d i e s  
listed h e r e i n  are such   f ragments   which   co l lec t ive ly   represent  
a major p o r t i o n  of welding  technology. The time comes, how- 
e v e r ,  when the fragments mus t  be in t eg ra t ed   and  the whole map 
cons t ruc t ed ,  i f  we are to  understand  welding  and i f  w e  are 
t o  formula te   p rocess   cont ro l .  The p r e s e n t   r e p o r t  i s  a first 
s t e p   i n  t h e  i n t e g r a t i o n  of i n d i v i d u a l ,   i n d e p e n d e n t   s t u d i e s .  

P rocess   con t ro l  i s  t h e  f i n a l   o b j e c t i v e :   q u a n t i t a t i v e  
1imit.s of the  major  variables which  can be e x p r e s s e d   i n  manu- 
f a c t u r i n g   s p e c i f i c a t i o n s .  Such s p e c i f i c a t i o n s  w i l l  supple- 
ment i n s p e c t i o n   i n  the a s s u r a n c e   o f   w e l d - j o i n t   r e l i a b i l i t y .  

1- 4 



CHAPTER 2 

Welding  Fabrication  of  Fuel  and  Oxidizer  Tanks of Sa turn  V 

2 . 1  Sa turn  V and I t ' s  Fuel  and  Oxidizer  Tanks 

F igure  2 -1  is a s i m p l e   i l l u s t r a t i o n  of the   Sa tu rn  V. 

I t  s t a n d s  363  feet  high  with i t s  A p o l l o   s p a c e c r a f t   i n   p l a c e ,  
and i ts  maximum diameter  i s  3 3  f e e t .  ( 1 , 2 )  

The f i r s t   s t a g e ,  which i s  called S - I C ,  i s  powered  by 
f i v e  F-1 engines .  The f ive  engines ,   which  burn  kerosene  and 
l i q u i d  oxygen a t  t h e  ra te  of 1 5  tons   per   second  for   about  
2 1 / 2  minu te s ,   boos t   t he   Apo l lo   a s t ronau t s   t o  an a l t i t u d e  of 
4 0  m i l e s .  

The second  stage,   S-11, i s  powered  by f i v e  J - 2  engines ,  
which  burn  l iquid  hydrogen  and  l iquid  oxygen. The t h i r d  
s t a g e ,  S- IVB,  i s  powered  by a s i n g l e  J - 2  engine.  The t h i r d  
s t a g e  accelerates t h e   s p a c e c r a f t  t o  the   ve loc i ty   needed  t o  
overcome t h e   e a r t h ' s   g r a v i t y .  

A s  f a r  as the   weight  i s  concerned,   the   Saturn V may be 
considered as an  assembly  of  huge  fuel  and  oxidizer  tanks.  
The Sa turn  V f i l l e d   w i t h   f u e l  and l i q u i d  oxygen  weighs  about 
2 , 7 0 0  tons ,   whi le  i t s  emptied  weight i s  only 1 7 0  tons .  

The G .  C. Marshal l   Space  Fl ight   Centerwas  responsible  
f o r   t h e   o v e r a l l   d e s i g n   a n d   f a b r i c a t i o n   o f   t h e   S a t u r n  V ,  and 
many c o n t r a c t o r s   h a v e   p a r t i c i p a t e d   i n   t h e   f a b r i c a t i o n  of d i f -  
f e r e n t  components. The Boeing Aircraft  Company, North Ameri- 
can  Rockwell  Corporation,  and  McDonnell  Douglas  Aircraft 
Company, h a v e   b u i l t   t h e   f i r s t ,   s e c o n d ,   a n d   t h i r d   s t a g e s ,  
r e s p e c t i v e l y .  

Because   o f   the   g igant ic   t ask  of the   lunar   miss ion   and  
the   i nvo lvemen t   o f   a s t ronau t s ,   eve ry   c f fo r t  w a s  made t o  b u i l d  
t h e   s p a c e c r a f t   w i t h  maximum r e l i a b i l i t y  and minimum weight.  
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Figure 2-1. Saturn V Space Vehicle 
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2.2 Selection  of  Materials  for  Fuel  and  Oxidizer  Tanks ______" ___. . . . ___~ 
~ .~ 

NASA  has  selected  high-strength  aluminum  alloys 2 0 1 4  

and 2219  as  primary  structural  alloys for  fuel and  oxidizer 
tanks  because of their  attractive  strength-to-weight  ratios 
in  the  range  of  temperatures'  to  be  encountered. (3). 

Brief ." History . Prior to Saturn V 

The  use  of  aluminum  alloys  in  the  Saturn V vehicles 
evolved  from  long  term  usage  in  Redstone,  Jupiter,  and 
Saturn I vehicles. A report  by  Hasemeyer ( 4 )  covers  the 
history  of  the  use  of  aluminum  alloys  in  various  space 
vehicles,  which is summarized in the  following  pages. 

An aluminum  alloy  similar  to 5052  was  used  by  the  Germans 
in  their  World  War I1 missiles,  because  of  its  low  density, 
good  strength  at  room  temperature,  and  excellent  strength  at  the 
temperature of liquid  oxygen. 

The U. S. Army  (predecessor of MSFC) used  alloy  5052  in 
the 70" diameter  Redstone  missile.  Tanks  were  welded  into 
short  cylinders  and  then  joined  into  full-length  containers. 
Ring  stiffeners  were  6061-T6  aluminum  and  were  resistance 
welded  to  the  inside  of  the  tanks. For the 1 0 5 "  diameter 
Jupiter  missile,  the U. S. Army  used  alloy 5086 and  5456  in 
work  hardened  tempers.  These  alloys  were  higher  strength  than 
5052  and were  easily  welded.  When  the  Saturn I vehicle  was 
constructed  by  NASA,  tooling  and  fabrication  procedures  were 
simplified  by  clustering  eight  Redstone  missiles  around  one 
Jupiter.  The same materials  and  welding  techniques  were 
used  here as on the  individual  Redstone  and  Jupiter  missiles. 

When the Satan V tas to be fabricated,  several  changes  from 
the  Redstone  and  Jupiter  were  found  to  be  necessary.  The 
first  and  second  stages  were  designed  to be 3 3 '  in  diameter. 
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The  aluminum  walls  for  a  portion  of  the  S-IC  first  stage  were 
almost  one  inch  thick.  Re-evaluation  of the  alloys  to  be 
used was  required  because  of  the  considerable  increase  in 
thickness  over  the 1/4" 5456 in the  Saturn I. 

Alloy 2219  for  Saturn S I - C  ( 4 )  

A test  program  to  compare  certain  properties  of  alloys 
5456-H343 and 2219-T87 was  conducted  at  MSFC  to  select  the 
material  most  suitable  for  the  major  structure  of  the 
Saturn  SI-C  launch  vehicle.  The  Boeing  Company  proposal  for 
the  SI-C  considered 2 2 1 9  as  the  major  structural  alloy.  After 
an  intensive  study, NASA decided  to  use 2 2 1 9  alloy  for  the 
Saturn  SI-C. 

The  choice  of  a  structural  alloy  for  the  SI-C  vehicle 
was  based  on  several  factors. A summary  of  these  considera- 
tions  is  presented  in  Table 2-1. 

It  was  determined  that  the  length of welds  necessary  for 
the 2219  material  would  be  approximately 300 feet  less  than 
for 5456 due  to  the  availabllity  of 2 2 1 9  in  greater  plate 
widths.  Approximately 3,000 lbs. of weight  could  be  saved 
in  the  propellant  tanks  by  the  use of 2 2 1 9  over 5456. 

Alloy 2 2 1 9  has  a  decided  advantage  where  mating  structural 
components,  such  as  extrusions,  tubing  and  forgings  are 
concerned.  These  forms  can  be  obtained  in  the  same  alloy, 
whereas  they  could not be  with  the 5456; thus, dissimilar 
welds  would  not  be  necessary  with 2 2 1 9 .  No 2219  castings 
were  to  be  used  in  the  SI-C  Structure. 

An additional  consideration  in  favor of 2 2 1 9  is the 
elevated  temperature  properties  of  the  alloy.  The  alloy 
was  developed  originally  as  a  high  temperature  alloy  and  has 
the  best  elevated  temperature  properties  of  any  aluminum 
alloy  above  the 400' F range. 
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TABLE 2-1. SUMMARY  COMPARISON OF 5456-H343 AND 2219-T87 

2219-T87 54564343 

MECHANICAL  PROPERTIES U.T.S.(KSI)  Y.S.(KSI)  ELON.(%)  U.T.S.(KSI)  Y.S.(KSI)  ELON.(%) 
I I i 

PARENT METAL - GUARANTEED MINIMUM ! 64.0 5 2  .O - I 53.0 41.0 - I 
I 

I 
I 68.0  56.3 12.0 I 56.1  44.4  10.2 ; 
I I I 

- TYPICAL ROOM TEMP. 

- LOX TEMP. ! 84.6  68.2 16.3 ! 72.1 52.3 13.9 

WELD - TIG/MIO - ROOM TEMP. I 43.1/41.4 26.7/26.1 4.3/3.6 41.6/39.1 26.3/25.6 6.5/4.5 1 
I I - LOX  TEMP. I 58.5/55.7 30.8/31.9 4.9/4.0 ! 51.1/46.3 31.0/30.5 5.5/4.9 1 

PARENT  METAL  NOTCHED / UNNOTCHED 

TENSILE  STRENGTH  RATIO ROOM TEMP. / LOX 
1.03/0.92 0.95/0.85 

OTHER  CONSIDERATIONS 
LENGTH OF WELD (FT.1 

I 
I - 2SOO I rL 2loa 

VEHICLE WT. BASED ON 100% 5456-H343 

SIZE  AND  QUALITY I 132" WIDE 84" WIDE 

I 

I 
I 98  (3000 LE. SAVING) I 100 



Alloy 2219 has   been   successfu l ly   used  by MSFC and 
Boeing Company i n   f a b r i c a t i n g   t h e  33  f t  diameter   Saturn V. 

Its we ldab i l i t y   has   been   p roven ,   p l a t e s   can   be   p rov ided   i n  
s i z e s  up t o  132 inches  wide  and  mechanical  strength  and 

o t h e r   p r o p e r t i e s  are w e l l  known. 

Alloy 2219 also  has   been  used  for   the  120-inch  Mult iple  
Docking  Adapter for   the   Skylab   vehic le   and  it i s  favorably  
considered by MSFC f o r   t h e  Space  Shut t le .  

Alloy 2014 f o r  t h e  Second  and  Third  Stages 

When m a t e r i a l s  were t o  be selected for   the   second  and  
t h i r d   s t a g e s  of t he   Sa tu rn  V ,  the   favorable   exper ience  by 
t h e  t w o  con t r ac to r s   i nvo lved   we ighed   heav i ly   i n   f avor  of 
a l l o y  2014. This   a l loy  had been used by Douglas f o r  t h e  

Thor missile. A l s o  Martin-Denver  had  successfully  used 
a l l o y  2014 i n   t h e   T i t a n  missile. There were c e r t a i n  advan- 
t ages  i n  process ing  2014 v s  2219. Alloy 2014 can  be  softened 
by quenching i n  water, formed as desired, then   aged   t o   t he  
T6 temper.  For i t s  s t r e n g t h  i n  t h e  T87  temper ,   a l loy  2219 
relies on 8 t o  1 0 %  co ld  work. I f   s o l u t i o n   h e a t  t r ea tmen t  
were performed by the   cus tomer ,   t he   o r ig ina l  T87 s t r e n g t h  
would be l o s t .  A s  a resu l t  a l l o y  2 0 1 4  was s e l e c t e d  and  suc- 
ces s fu l ly   u sed   fo r   t he   s econd   and   t h i rd   s t ages   o f   t he   Sa tu rn  V.  

Di f fe rences   in   weld ing  of 2219 and 2014 d i d   n o t   p r o v e   t o  be 
g r e a t l y   d i f f e r e n t .  I n  t h i s   r e p o r t ,  most comments on  welding 
of 2219 can   be   accepted   as   a l so   apply ing   to  2014. 

C h a r a c t e r i s t i c s   o f  2014 and 2219 Alloys 

Tables 2-2 and 2-3 l i s t  some c h a r a c t e r i s t i c s  of 2014 
and 2219 aluminum a l l o y s ,   r e s p e c t i v e l y .  (5 1 
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TABLE 2-2. CHARACTERISTICS OF 2014 ALUMINUM ALLOY 

Availability 

~~ ~ ~" ~ - ~ 

Typical 
physical 
properties 

_ _  . ... . 

Typical 
mechanical 
properties 

. . " .  - 

Fabrication 
characteristic 

. ". - ~ ~ ~~~ "_ . - 

Wrought,  heat  treatable  aluminum  alloy 

A1-4.4Cu-0.8Mn-0.8Si-O.4Mg 
~ ~~ ~~ . 

Bare  and  clad  sheet  and  plate,  rod,  bar, 
wire,  tube,  extruded  shapes,  forgings  and 
forging  stock 

Density 
Thermal 
conductivity 

expansion 

heat 

Thermal 

Specific 

Electrical 
resistivity 

. -~ " 

Ultimate 
tensile 
strength 

yield 
strength 

0.2% tensile 

2.815 g/cm3 at RT 
0.46  cal/cm sec O C  (0 temper) 
0.37 cal/cm sec OC (T6  temper) 
(20-100° C, 22.5 x 10-6in/in/°C 

0.23 cal/g  cm  at  100°C 

3.45 p ohm-cm at RT (0 temper) 
4.31 p ohm-cm at RT (T6  temper) 

27,000 psi (0 temper) 
70,000 psi (T6  temper) 

14,000 psi (0  temper) 
60,000 psi (T6  temper) 

Elongation 18% (0 temper) 
(2-in) 13% (T6  temper) 

Modulus  of 
elasticity 
(tension) 

Weldability 
~~ __ - ~~ 

Good  (fusion  and  resistance 
methods)  if  proper  procedures 
are  used 

Formability 

Good  in  the  T6  temper Machinability 

Good  in  the  annealed  condition 
difficult  to  form  in  T6  temper 

A high-strength  aluminum  alloy  which  is  often 
used  for  heavy-duty  structures 

2- 7 



TABLE 2-3. CHARACTERISTICS OF 2219 ALUMINUM  ALLOY (5) 

Nominal 

Availability 

Typical 
physical 
properties 

Typical 1 mechanical 

Fabrication 
characteristics 

Comments 

Wrought,  heat  treatable  aluminum  alloy 

Bare  and  clad  sheet,  plate,  forgings, 
extrusions,  drawn  tube, rod and  bar 

~~~ 

Density 
Thermal 
conductivity 
Thermal 
expansion 
Electrical 
resistivity 

Ultimate 
tensile 
strength 

yield 
strength 

Elongation 
(2-in) 

Modulus of 
elasticity 

0.2%  tensile 

Weldability 

Formability 
Machinability 

2.82  g/cm3 at RT 
0.41 cal/cm  sec  OC (0 temper) 
0.30 cal/cm  sec  OC  (T62  temper) 
(20-1OO0C), 22.3  in/in/Oc 

3.90 1.1 ohm-cm  at  RT (0 temper) 
5.23 ~ . l  ohm-cm  at  RT  (T62  temper) 

25,000  psi (0 temper) 
69,000 psi  (T87  temper) 

11,900 psi (0 temper) 
57,000 psi (T87  temper) 

18% (0 temper) 
10% (T87  temper) 
10.6 x lo6  psi 

Excellent  (fusion  and  resistance 
methods ) 
Slightly  superior  to  2014  alloy 
Good  in  annealed  condition 

Alloy  has  good  mechanical  properties  at  cryoge- 
nic  temperatures  and  at  elevated  temperatures 
up  to 600'F. Recommended  for  applications  re- 
quiring  high-strength  weldments. 
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2.3  Welding ” Fabrication (6 r 7 )  

Because of the  gigantic  size  of  the  Saturn V many of 
the  major  structural  components  need  to  be  fabricated  by 
joining  smaller  parts or segments.  Gas  tungsten-arc (GTA) 

and  gas  metal-arc  (GMA)  processes  have  been  used  extensively 
for  the  fabrication  of  fuel  and  oxidizer  tanks.  For  example, - 

one S-IC vehicle  has  over 3,000 feet of  welds. 

It  became  necessary  to  erect  the  fuel  and  oxidizer  tanks 
with  the  longitudinal  axis  in  the  vertical  position.  Welding 
techniques  had to be  extended  to  horizontal  and  vertical 
modes,  seldom  used  in  high  quality  aluminum  welding.  The 
size  of  Saturn V has  created  unique  jigging  and  distortion 
control  problems. 

Welding  Techniques 

Joint  thicknesses  of  fuel  and  oxidizer  tanks  range 
from 1/8 to 1 inch.  Welding  was  done  with  gas  tungsten- 

arc  and gas  metal-arc  processes  using  helium  and  argon  re- 
spectively  as  the  shielding  gases.  Type 4043 and  2319  filler 
wires 1/16  inch in  diameter  were  used  for  welding  2014-T6 
and  2219-T87  bare  plate,  respectively. 

Tanks  were  constructed  by  attaching  skin  cylinders  to 
upper  and  lower  head  assemblies  by  means  of  a  Y-shaped  tran- 
sition  ring.  The  unit  serves  as  a  transition  piece  between 
bulkheads  and  skins  and  between  the  thrust  structure  and 
forward  skirt.  This  design  is  illustrated in  Figure 2-2. 

Welding  between  the  transition  ring  and  cylindrical 
section  is  probably  the  most  critical  on  the S-IC stage. 
Three  vertical’joints  are  automatically  gas  metal-arc  welded 
to  join  three  forged  and  rolled billets.  During  final  as- 
sembly  of  the  tanks,  the  transition  ring is joined  to  the 
cylindrical  section  by  a  gas  metal-arc  or  gas  tungsten-arc 
weld  made  from  both  sides  in  the  horizontal  position. 
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A-ACOMPLETEDWELD 

B d 6  STRAP  ALIGNMENT  CLAMP 
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I Requirements f o r  Welds 

I Table 2-4 summarizes impor t an t   qua l i t y   r equ i r emen t s   fo r  
welds i n  aluminum o x i d i z e r  and fue l   t anks   o f   t he   Sa tu rn  V. 

Minimum u l t i m a t e   t e n s i l e   s t r e n g t h s   o f   b u t t   w e l d s  w e r e  
set to   be   35 ,000   p s i   fo r   a l l oy  2219-T87 and 3 8 , 0 0 0  p s i   f o r  
alloy 2014-T6. 

A l l  bu t t   we lds  were 1 0 0 %  inspec ted   r ad iog raph ica l ly   w i th  
2% s e n s i t i v i t y .   T a b l e  2-4 inc ludes   acceptab le  c r i te r ia  

for   c racks   (none   accepted) ,   s ing le   pore ,   incomple te   pene t ra -  
t i o n ,   u n d e r c u t t i n g ,   l i n e a r   p o r o s i t y ,   a n d   s c a t t e r e d   p o r o s i t y .  

Table 2-4 also inc ludes  c r i te r ia  for  dimensional  and 
v i s u a l   q u a l i t i e s .  The maximum acceptable   misal ignment   or  
o f f s e t  w a s  5% o f   t h e   p l a t e   t h i c k n e s s .  Lack  of f i l l ,   s k i p s ,  
or o t h e r   v i s i b l e   i r r e g u l a r i t i e s  are unacceptable .  

Weld Defec t s ,   Espec ia l ly   Po ros i ty  

I f   f l aws   a r e   de t ec t ed ,   and   un fo r tuna te ly   t hey   o f t enwere ,  
r e p a i r s   a r e  made e i ther   manual ly  or  by mechanized  equipment. 
Table 2-5  shows defec t   f requency   observed   in  1 4 4 , 0 0 0  inches  
of welds made on fou r   Sa tu rn  V f i r s t   s t a g e s .   I f   d e f e c t s  w e r e  
d i spe r sed   equa l ly ,   on ly  0 . 0 2 3  of a defect  wouldhave  occured  per 
inch  of  weld. Of these   de fec t s ,   po ros i ty   accoun ted   fo r  
79 p e r c e n t   o f   t h e   t o t a l  number of d e f e c t s .  Cracks ranked 
second a t  9 pe rcen t .  All welds   conta in ing   defec ts  were 
r epa i r ed .  

The t a b l e   c l e a r l y  shows tha t   we ld   po ros i ty  i s  one  of  the 
major   problems  which  have  faced  engineers   in   the  fabr icat ion 
of   the   spacecraf t .   High-s t rength  aluminum a l l o y s   a r e   h i g h l y  
suscept ib le   to   weld   poros i ty ,   and   hydrogen   has   been   cons idered  
t o  be a prime  source  of  weld  porosity.  
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TABLE 2-4. SUMMARY OF WELD QUALITY REQUIREMENTS FOR  SATURN V. 

1. Minimum  Ultimate ~ _ "  Tensile  Strength  of B u t t  Welds 
-I___.- " 

Alloy 2219-T87 35,000 psi 
~11017 2014-TG 38 , 000 psi 

2. Radiographic  Quality (100% Inspection  with 2 %  film  sensitivity) 

Cracks  (transverse,  longitudinal , or  crater) : None  acceptable 

Single  Pore s i z e :  1/2 t h i ckness  (maximum) 

Incomplete  penetration:  Not  acceptable 

Undercutting: 1/10 thickness  (maximum) 

Linear  porosity:  Acceptable  limits,  average  diameters  between 
3 / 6 4 "  and 1/16" maximum  within 3 linear  inches 
of  weld  (thickness  over 0.250") 

Scattered  porosity:  Reference  radlographs 

3. Dimcnsiond- and  Visual  Qualities 

Misalignment or offset: 1/20 thickness  (maximum) 

Lack  of fill, skips, or other  visible  irregularities:  Unacceptable 
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Tvue of Defect _" .. ..& 

Arc burn 

U n d e r f i l l .  

I n c l u s i o n  

Miscellaneous 

Mismatch 

Crack  

Porosity 

TABLE 2-5. DEFECT FREQUENCY. 

Number of Dc-?fect.s 
. - . " 

T o t a l  Defects = 3280 

5 

15 
b 

46 

117 

206  

2 8 7  

2 6 0 4  

P e r c e n t a c r e  of Total 

0 . 1 5 %  

0 .46% 

1 . 4 0 %  

3.57% 

6 .28% 

8 . 7 5 %  

79.40% 

- 

Total Defects - . 0 2 3  
Inches of Wcld 

____- - 
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Several  of  NASA-sponsored  studies  listed in  Table 1 are 
aimed at studying  various  subjects  related to  weld porosity. 

Figure 2-3 shows a jigging  system  most  often  used for  the 
fabrication  of  a  thin-walled  cylindrical  vessel.  The  jig, 
which  has  a  round-cut  ring  and  rigid  clamping  members,  serves 
a  two-fold  purpose:  to  support  the  molten  weld  puddle  (often 
to  control  solidification),  and  to  forcefully  maintain  align- 
ment  of  the  parts  being  welded. 

However,  there  is  a  limit  to  the  size  of  welded  tank to 
which  this  conventional  approach  can  be  applied  easily  and 
economically.  The  sizes  of  fuel  and  oxidizer  tanks  of  the 
Saturn Vwereobviously greater  than  the  limit.  Since  the 
number  of  Saturn V space  vehicles to be  built  was  rather 
small,  it  was  not  economically  justifiable  to  build  a  large 
and  strong  clamping  system.  The  fixture in  Figure 2-3 is  an 
indirect  way  of  mating  components,  that is, the  cylinders  are 
first  forced  into  roundness.  The  requirements  for  welding, 
however, are that  the  two  parts  assume  similar  shape. 

NASA  and  aerospace  companies  employed  what  is  called 
a  soft  jigging  system.  Although we do  not  discuss  in  this 
paper  the  details  of  the  system  actually  used, it  is essen- 
tially  as  shown  in  Figure 2-4.  A  number  of  strap  clamps  are 
applied  at  intervals  around  two  cylinders to be  joined. 

A simple  compressive  mechanical  device,  with  the  two 
basic  parts  located on opposite  sides  of  a  welded  joint, is 
drawn  together  by  tightening  the  thin  band  until  the  work 
pieces  are  aligned.  Alignment  is  maintained  during  welding 
by  tack welds,  made  before  removing  the  strap  clamps.  The 
combination  of  strap-clamps,  tack  welds,  and  precision  weld 
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Figure 2-4. Strap Clamps. 



equipment  constitutes a joining  method  that is economical, 
versatile,  and  accurate. 

Requirements  for  Joint  Mismatch 

The  following  is  an  example  of  requirements  for  joint 
offset.  When  welding  is  performed  in  tationary  rigid  type 
tooling,  utilizing  continuous  length  hold-down  clamps  and 
backup  bars,  the  offset  between  parts of a  butt  joint  shall 
not  exceed 0.020 inch or 10 percent  of  the  thinnest  member 
for  a 3 inch  length  to  each  side of that  area  subsequently 
to  become  a  butt  intersection. 

2- 17 



2- 18 



CHAPTER 
Welding  Problems  and 

3 
Research  Effor ts  

3.1 NASA-Sponsored "- ." "~ ~~ ~ Stu-dies  on  Welding Aluminum 

Although  the  Saturn V has   performed  successful ly   during 
r ecen t   l una r   mi s s ions ,  it does  not mean t h a t   t h e r e  were no 
problems i n  t h e   f a b r i c a t i o n   o f   t h e   s p a c e c r a f t .  The bu i ld ing  
o f   spacec ra f t   s t ruc tu res   has   r a i sed   p rob lems   r e l a t ing   t o  t h e  

qua l i t y   o f   we lds   and   t he   r e l i ab i l i t y  of t h e  s t ruc ture .   Major  
problems  include: 

1) Weld d e f e c t s ,   e s p e c i a l l y   p o r o s i t y  
2 )  Undesirable thermal e f f e c t s  due to   we ld ing   hea t .  

To m i n i m i z e  t h e  e f f e c t  of these  problems,  a group  of 
process   control   measures  were developed  and  used  during 
fabricat ion.   These  measures   cover   the  c leaning  of   the s u r -  
faces  of  base  metal   and f i l l e r  wire, chemical  compositions 
of  base metal and f i l l e r  w i r e ,  and p u r i t y  of the s h i e l d i n g  
g a s ,   j i g g i n g   a n d   f i x t u r e ,  e tc .  

These problems  a lso  revealed a need   fo r   bas i c  
r e sea rch   t o   r a t iona l ly   e s t ab l i sh   we ld -qua l i ty   r equ i r emen t s  
and  production-control  measures. The Marshall   Space  Flight 
C e n t e r   i n i t i a t e d  a research  program  involving a wide 
v a r i e t y   o f   s t u d i e s  on welding  aluminum. Some s t u d i e s  w e r e  
conducted a t  M.S .F .C . ,  w h i l e   o t h e r   s t u d i e s  w e r e  conducted 
f o r  t h e  M.S.F.C. by aerospace  companies ,   research  inst i tut ions,  
and   un ive r s i t i e s .  

Each s tudy   a t t acked  a d i f f e r e n t   a s p e c t   o f   o r   t o o k  a 
d i f f e ren t   app roach   t o  these problems.   Di f fe ren t   t asks  were 
a s s i g n e d   t o   d i f f e r e n t   o r g a n i z a t i o n s  by c o n t r a c t ,  as shown 
i n   T a b l e  3-1. 



The ul t imate   purpose  of  NASA welding research is  t o  
improve the   pe r fo rmance   and   r e l i ab i l i t y   o f   space   veh ic l e s .  
This  can be done  by  invest igat ing  each of the problems  in- 
v o l v e d   a n d   t h e n   i n t e g r a t i n g   r e s u l t s   o b t a i n e d   i n   t h e   i n d i v i d u a l  
i n v e s t i g a t i o n s .  Such i n t e g r a t i o n   o f   r e s u l t s   p r o v i d e s  a b a s i s  
f o r  recommendations fo r   des ign   and   f ab r i ca t ion  of space 
v e h i c l e s .  

B a t t e l l e  Memorial I n s t i t u t e ,  Columbus Labora to r i e s ,  w a s  
ass igned  the  task of i n t e g r a t i n g  t h e  r e s u l t s  of t h e  n ine  
s t u d i e s  l i s ted i n   P a r t l o f  Table 3-1. D r .  Koichi  Masubuchi, 
who was t h e n   a t  Bat te l le ,  was r e s p o n s i b l e   f o r  the i n t e g r a t i o n  
s tudy.  The f i n a l   r e p o r t  of t h e  B a t t e l l e   i n t e g r a t i o n   s t u d y  
has been  published  from the  Redstone  Scient i f ic   Information 
Center as RSIC-6 70. (5) The RSIC-670 c o v e r s   r e s u l t s   i n c l u d e d  
i n   r e p o r t s   a v a i l a b l e   b e f o r e   F e b r u a r y  15,  1 9 6 7 .  These r e p o r t s  
a r e   l i s t e d  as References ( 8 )  through ( 1 9 ) .  

The cont inua t ion   of  t h e  i n t e g r a t i o n   s t u d y  has been  con- 
duc ted   s ince  May, 1 9 6 9 ,  a t  the Massachuse t t s   In s t i t u t e  of 
Technology  under  the  supervision of Professor  Koichi  Masubuchi 
of t h e  Department of Naval  Architecture  and  Marine  Engineering. 
The M.I .T.  i n t e g r a t i o n   s t u d y   c o v e r s   a l l  of t k 1 9 s t u d i e s  l isted 
i n   P a r t s  1 and 2 of Table 3-1. F i n a l   r e p o r t s   o f   t h e s e   s t u d i e s  
are l i s t ed  as   References (8 )  through (30). 
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TABLE 3-1. NASA-SPONSORED STUDIES OF WELDING ALUMINUM 

w 
I 
w 

Part  1 Studies Covered i n   t h e  First In t eg ra t ion  Study 
" 

'I 
i 
;i 

T i t l e  'I Contractor 
!I 

Gas Analysis  Study 

Base and F i l le r  
Metal Study 

Mechanisms of 
Porosi ty  

Gas Scavenger  Study 

Defect vs  J o i n t  
Performance 

Boeing Ai rc ra f t  Company 

Bat te l le  Memorial I n s t i t u t e  
Columbus Laboratories 

McDonnell Douglas Ai rc ra f t  
Company 

Southern  Research I n s t i t u t e  

Martin Marietta Company 

i' 
I 

!I 

I Objective 
~~ ~~~ ~~~ ~~ ~~~ ~~ ~ ~~~ 

To s tudy   the   ro le   o f   gas  
contaminants as a source 
of   defec ts   in   welds .  

I 

I 

To s tudy   e f f ec t s  of chemistry,/ 
i n t e r n a l  and external 
impur i t ies ,  and  hydrogen 
content  of  base metal on 
p o r o s i t y   i n  welds. 

An e f f o r t  t o  f i n d  methods of 
porosi ty  arrest and  inhibi-  
t ion  through a study of how 
porosi ty   nucleates  and  grows. 

A study  seeking  an  element 
w i th   a f f in i ty   fo r   po ros i ty -  
forming  gases  that would t i e  
them up i n  a harmless way o r  
wash them out  of  the  molten 
pool. 

To  formulate real is t ic  weld 
qua l i ty   s tandards  by quanti-  
t a t ive ly   ana lyz ing   the   e f fec t  
of  defects on  weld  strength. 



TABLE 3-1. (Continued) 

Part 1 Studies  Covered  in 

w 
I 
cp 

No. Title 

I 

I 

) 

7 ! Data  Transfer 

i 

t I 1 
i 

I 

the  First  Integration  Study 

Contractor 

Harvey  Aluminum,  Inc. 

Lockheed  Company 

8 : Arc  Shapes  and 
; Molten  Puddle 
I Stirrer 

I :1 Air  Reduction  Company 

9 I Material 
i Preparation 

I 
Illinois  Institute of 

Research  Institute 
i Technology 

Objective 

To  formulate  methods  of 
producing  and  controlling 
time-temperature  gradients 
during  fusion  welding  that 
will  yield  optimum  properties, 
that  is,  ultimate  strength, 
elongation,  X-ray  quality,etc. 

To (1) arrange  welding  varia- 
bles  in  order  of  their  impor- 
tance  and (2) devise  instru- 
mentation  and  control  to 
accurately  transfer  the  find- 
ings  from  laboratory  to 
production. 

To  increase  power  density of 
the  GTA  arc  and  agitation  of 
the  molten  puddle. 

I 

To (1) identify  contaminants 
on the  surface  of  material  to 
be  welded,  that is, organic 1 1 
material,  hydrogen,  etc., ( 2 )  i 
determine  the  best  methods of 
surface  preparation  for 
welding. ! 



TABLE 3-1. (Continued) 

Part 2 Studies  Added  in  the  Second  Integration  Study 

I No. 1 Title  Contractor I, 

I 10 I Welding  Power  Supply 1 Air  Reduction  Company I To study  effects  of  AC,  DC, 

1 Joint  Performance 

I 
i 

! 
I ;I 

I I I 
'I 

Objective 
/ _ _ I  I 

I 

j Output  Wave  Shape i 
' Effect on Weld 1 

and  a  combination  of  AC  and 
I and  frequencies  on  the 

DC,  and  various  wave  shapes 

I 1 weld  joint. 

r 11 : Nonvacuum  Electron- 
: Beam  Welding 

1; i 
w 
ul 

I I i j 

1; i 
w 

I I i 
ul 

Yestinghouse  Electric 
~ ~~ 

Corporation 

Illinois  Institute of 

Research  Institute 
Technology 

~ _ _ ~  ~ ~~ ~ ~~ ~ 

Analysis  of  welding  parameters 
energy  input,  and  shielding 
gas  with  defect  level  and 
mechanical  properties as 
major  responses. 

To  establish  the  significance 
of  material  preparation  and 
surface  property  effects  on 
porosity. 

13 Harvey  Aluminum,  Inc.  Reduction of 
Distortion  by 
Cryongenic  Cooling 

I To  determine  feasibility  of 
using  cryogenic  cooling  for I controlling  distortion  and 

I residual  stress. 

I 14 I Power  Density  Study Lockheed  Palo  Alto 
Research  Laboratory 

l l  
To analyze  and  characterize 
the  gas-tungsten  arc  and 
perform  experiments  to  in- 
crease  GTA  power  density. 



w 
I 
Q, 

TABLE 3-1. (Continued) 

Part 2 Studies  Added  in  the  Second  Integration  Study 
T 

Title 

Plasma  Welding 

-c 
16 Residual  Stress 

Study 

Contractor 

General  Electric  Company 

Benson  Associates 

1 Boeing  Aircraft  Company 

18 1~ Analysis of Thermal  Battelle  Memorial  Institute 
1 Stress  and  Metal 1' Movement, I 

Columbus  Laboratories 

1 

Analysis of Thermal Massachusetts  Institute of 
Stress  and  Metal  Technology 
Movement, I1 ~ 

' I  1 
I I: 

Objective 

To  study  feasibility of 
developing a miniaturized, 
battery  powered  plasma 
electron  beam  system  for 
use  in  an  earth  orbiting 
vehicle. 

To  develop  non-destructive 
methods f o r  determining 
residual  stresses  and  fatigue 
damage  in  metals. 

To  quantitatively  define 
porosity  and  weld  quality 
resulting  from  variations  in 
joint  and  torch  configuration, 

(1)  Literature  survey  on  ther- 
mal  stresses  during  welding 
and  buckling  after  welding, 
and (2) develop  computer  pro- 
grams to calculate  thermal 
stresses  during  welding. 

To (1) improve  computer  pro- 
grams  developed  at  Battelle, 
and (2 ) compare  experimental 
results  with  analytical 
results. 



3.2 Welding "" . " . . Problems . . . . . and . . "- Outline  of  NASA-Sponsored  Studies 

Porosity 

High-strength  aluminum  alloys  are  highly  susceptible  to 
weld  porosity,  which  adversely  affects  their  strength. 

Figure  3-1  illustrates  the  porosity  that  may  develop  in 
an  aluminum  weld.  Figure  3-la  shows  a  transverse  section 
through  a  bead-on-plate  weld  and  Figure  3-lb  shows  a  longi- 
tudinal  section  through  the  same  weld.  Although  various  non- 
destructive  techniques  including  visual,  X-ray,  and  sometimes 
ultrasonic  are  used  to  detect  porosity  in  structural  welds, 
none of these  techniques  are  entirely  Satisfactory.  Because 
porosity  cannot  always  be  detected, it is  necessary  to  be 
completely  certain  that  the  welding  process  is  not  creating 
it.  This  means  finding  the  factors  in  the  welding  process 
that  affect  porosity  and  then  finding  ways  of  modifying  these 
factors to reduce  or  eliminate  porosity.  Studies  to  accom- 
plish  these  ends  comprised  a  large  part of the NASA research 
effort.  Factors  studied  for  their  effect  on  porosity  included 
shielding  gas,  surface  conditions,  base-metal  and  filler- 
metal  composition,  and  welding  parameters.  Other  studies 
investigated  ways  of  reducing  the  effects  of  these  factors. 

Thermal  Effects 

The  Manufacturing  Engineering  Laboratory  of  MSFC  conducted 
a  research  program on the  effects of welding  heat  input  on  the 
mechanical  properties  of  aluminum  welds. (31) Figure 3-2 sum- 
marizes  the  test  results  and  shows  the  relationship  between 
the  following  two  variables: 
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Figure 3-2. Effects of welding heat  input  on  the ultimate tensile strength of transverse weld specimens of 
2219-T87 and T8 1 aluminum alloys. 



(1) Welding  heat  input  per  unit  plate  thickness 

x I x 6o  = joules/in 
s x T  

2 

when : 
V = arc  voltage, v 
I = welding  current,  amp 
s = arc  travel  speed,  ipm 
T = plate  thickness,  in. 

(2)  Ultimate  tensile  strength  of  transverse  weld 
specimens  prepared  from  weldments  in  2219-T81 
and  2219-T87  alloys 0.224 to 0.700 in.  thick 
made  by  the GTA, GMA, and  electron-beam  welding 
processes. 

Figure  3-2  indicates  that  higher  weld  strengths  were 
obtained  by  using  lower  heat  input.  This  held  true  regard- 
less  of  the  material  thickness  or  welding  process  used.  The 
Marshall  investigators  felt  this  was  caused  by (1) a  reduced 
thermal  effect,  and  (2)  the  favorable  geometry of a  narrow 
weld.  When  heat  input  is  reduced,  a  higher-strength  metallur- 
gical  structure  in  the  heat-affected  zone  results. A joint 
with  a  heat-affected  zone  that  has  lower  strength  than  the 
base  metal,  but  with  a  very  narrow  weld-metal  area,  can  still 
have  nearly  the  same  ultimate  tensile  strength  as  the  base 
metal.  This  is  because  surrounding  base  metal  restricts  plas- 
tic  deformation in the  weld  metal  and  the  heat-affected  zone. 
NASA is  conducting  further  research  to  determine  the  mechanisms 
by which  weld-joint  strength  increases  as  heat  input  decreases. 

MSFC has  also  conducted  a  limited  investigation on 
electron-beam  welding  as  a  means  of  improving  weld  strength. 
Satisfactory  electron-beam  welds  in  aluminum  alloys  require 
much  lower  heat  input  than  do  GMA  and  GTA  welds.  Consequently, 
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much h i g h e r   u l t i m a t e   s t r e n g t h s  are a t t a i n a b l e .  However, s i n c e  
electron-beam  welds  must  be made i n  a vacuum, the   p rocess  i s  
r e s t r i c t e d   t o  small components.  Westinghouse Electric Corpora- 
t ion  conducted a NASA program to   deve lop  a nonvacuum e lec t ron -  
beam-welding un i t   capab le  of p e n e t r a t i n g   l - i n c h   t h i c k  2219 
aluminum alloy,  which  would make t h e   p r o c e s s   v e r s a t i l e  as w e l l  
as e f f i c i e n t .  

The e f f e c t  of weld ing   hea t   on   res idua l  stresses and 
d i s t o r t i o n  i s  another   important   problem.  Distor t ion  and 
mismatch  have  plagued  the  fabr icat ion of Sa tu rn  V fue l   and  
o x i d i z e r   t a n k s .  (See Table 3-1) 

Materials  and  Welding  Processes  Studied 

The primary materials and p rocesses   u sed   i n   t he  NASA- 
sponsored   s tud ies  were : 

Base P l a t e :  2014-T6 and 2219-T87 supp l i ed  by 

Plate Thickness: 1 / 4 ,  1 / 2 ,  and 3/4 i nch  
Welding  Proeess: GTA processes ,  D-C, s t r a i g h t  

F i l l e r  Wire (when used ) :  4 0 4 3  for   weld ing  

NASA-MSFC 

p o l a r i t y  

2014-T6 and 2319 for   weld ing  2219-T87; 
1 / 1 6  i n c h  i n   d i a m e t e r  

Sh ie ld ing  Gas: helium. 
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CHAPTER 4 

Effec t s   o f   Po ros i ty  on  Weld-Joint  Performance 

Cons ide rab le   e f fo r t s  were made to   de te rmine   e f fec ts   o f   weld  
p o r o s i t y  on  weld-joint  performance. The m a j o r   e f f o r t s  w e r e  
p l aced   on   po ros i ty   e f f ec t s  on s ta t ic  s t r e n g t h ,   w h i l e   l i m i t e d  
s t u d i e s  were made on f a t i g u e   s t r e n g t h .   D i s c u s s i o n s   i n   t h i s  
chap te r  covers : 

(1) Genera l   d i scuss ion   on   the   e f fec ts   o f   weld   defec ts  
on the  performance of welded  s t ructures  

(2) P o r o s i t y   e f f e c t s  on weld-joint  performance  under 
s t a t i c   l o a d i n g  

( 3 )  P o r o s i t y   e f f e c t s  on f a t i g u e   s t r e n g t h  
( 4 )  Effec ts   o f   repa i r   welds .  

4 . 1  General   Discussions . ~~~~ on the   E f fec t s   o f  Weld Defects  on 
~- the  Performance  of Welded S t r u c t u r e s  

. "  

Weld de fec t s   such   a s   po ros i ty ,   s l ag   i nc lus ions ,   i ncomple t e  
p e n e t r a t i o n ,  and  cracks  cause  reduction  in  mechanical  proper- 
t ies of   welded   jo in ts   for  two reasons.  First ,  the   p resence  
o f   t he   de fec t s   causes   dec reases   i n   s ec t iona l   a r eas .   Second ,  
stress concen t r a t ions  take p lace   a round  the   defec ts .  The 
e x t e n t   t o  wh ich   we ld   de fec t s   a f f ec t   t he   s t r eng th   o f   s t ruc tu res  
depends  upon the   fo l lowing   f ac to r s :  

1) Nature  and  extent   of   defects .   Sharp  cracks  that  
cause severe stress concentrat ions  have more s i g -  
n i f i c a n t   e f f e c t s   t h a n  do p o r o s i t y   o r   s l a g   i n c l u -  
s ions  which  cause  ra ther   minor  stress concen t r a t ions .  
The e f f e c t  o f   t h e   d e f e c t s   o n   t h e   s t r e n g t h  becomes 
more severe a s   t h e  s i z e  and number of d e f e c t s  
i n c r e a s e .  



2) P r o p e r t i e s  of t h e  material. The p r o p e r t i e s  of a 
material are s i g n i f i c a n t   f a c t o r s   t h a t   d e t e r m i n e  
t h e   e f f e c t s  of we ld   de fec t s   on   t he   s t r eng th  of 
welded   s t ruc tures .  When a material i s  d u c t i l e ,  
t he   r educ t ion  of s t r e n g t h  i s  approximately  pro- 
p o r t i o n a l  t o  the reduc t ion   o f   c ros s - sec t iona l  
area, as desc r ibed  later.  For less d u c t i l e  mate- 
rials, t h e   e f f e c t s  of d e f e c t s  become more s e r i o u s .  
When t h e  material i s  br i t t l e ,  t h e   a b s o l u t e   s i z e  
of a d e f e c t  is important .  When t h e   d e f e c t  s i z e  
e x c e e d s   t h e   c r i t i c a l  s i z e ,  uns t ab le   f r ac tu re   can  
take place  f rom the  d e f e c t .  

3 )  Type of  loading. When t h e   s t r u c t u r e  i s  subjec ted  

to   impac t  or r e p e a t e d   l o a d i n g ,   t h e   e f f e c t s  of 
defects on t h e   s t r e n g t h  become more s e r i o u s   t h a n  
when the  s t r u c t u r e  i s  sub jec t ed  t o  s t a t i c  loading.  

Stress Concentrat ions Around Defects  

The shape  of a defec t   and  i t s  o r i e n t a t i o n   t o  the 

d i r e c t i o n  o f   l o a d i n g   s i g n i f i c a n t l y   a f f e c t  stress concentra- 
t i ons   a round   t he   de fec t .  ( 3 2 , 3 3 1  

Figure   4 - la ,  b ,  and c show stress d i s t r ibu t ions   a round  
a g e n e r a l   t r i - a x i a l ,   e l l i p s o i d a l   c a v i t y   i n  a homogeneous, 
i s o t r o p i c ,  e las t ic  body o f   i n f in i t e   l eng th   wh ich  i s  under a 
un i fo rm  t ens i l e  stress, 0, a t  i n f i n i t y .  I t  i s  assumed t h a t  
the stress a t  i n f i n i t y  i s  a c t i n g   p a r a l l e l  t o  one of t h e  
major  axes of the c a v i t p   ( z - a x i s ) ,  as shown i n   F i g u r e  4-la. 
The important  stress concent ra t ions   occur   a long  t h e  ”equator”  
ABA’B’A. The cu rves   i n   F igu re  4-la show how r a p i d l y  t h e  

t e n s i l e  stresses d rop   t o   t he   ave rage   va lue  CI w i t h i n  t h e  

material. 
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Figure 4-1. Stress  concentrations  around  an  ellipsoidal  cavity in an  infinite 
body  under  uniaxial tensile stress. 
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The severity of stress concen t r a t ion  is expressed 
f r e q u e n t l y   i n  terms o f   t h e   s t r e s s - c o n c e n t r a t i o n   f a c t o r ,  K t ,  

which i s  de f ined  as t h e   r a t i o   o f   t h e  stress a t  a p o i n t  
concerned  and  the stress a t  i n f i n i t y ,  0. Figures  4-lb  and 

4-lc show va lues  of - and - = 0 a t  P o i n t  B) a s  a 
CT 

Z 
CT X 

CT CT (OY 

func t ion   o f   t he   shape   r a t io s  p1 = b/a  and p 2  = c/b. The ( 3 3 )  

value  of P o i s s o n ' s   r a t i o  i s  assumed t o   b e  0 . 3 .  

The c u r v e s   f o r  p 2  = 1 a p p l y   t o   c a v i t y   i n   t h e   s h a p e  of a 
p ro la t e   sphe r iod   ( c iga r - shaped   cav i ty ) .  The l i m i t i n g   c a s e  of 
p1 = 0, p 2  = 1 c a n   b e   i n t e r p r e t e d   g e o m e t r i c a l l y   i n  two ways. 
I f  b i s  f ixed   and   approaches   in f in i ty ,   the   shape   of   the   cav i ty  
approaches  that   of  a c i r c u l a r   c y l i n d e r   o f   i n r f i n i t e   l e n g t h ;   i f  
a i s  f ixed  and b and c approach  zero,   the   cavi ty   approaches 
a l i n e   c r a c k .  The curves f o r  p1 = 1 a p p l y   t o  a c a v i t y   i n   t h e  
shape of an   ob la te   sphero id   (bu t ton-shaped   cav i ty) .  The case 

of p1 = p 2  = 1 a p p l i e s   t o  a s p h e r i c a l   c a v i t y .  A s  shown i n  
F igures  4- lb  and 4-lc, t h e  stress concen t r a t ions  are mi ld   fo r  

c igar -shaped   cav i t ies ,   the   va lue   o f  - ranging  between 2 .05  

( f o r  a sphe r i ca l   cav i ty )   and  3 ( f o r  a l o n g   c y l i n d r i c a l   c a v i t y ) .  
On the   o ther   hand ,   h igh  stress concentrat ions  occur   around a 
t h i n ,  but ton-shaped  cavi ty   having i t s  su r face   pe rpend icu la r  
t o   t h e   d i r e c t i o n  of loading .  

(5 

0 
Z 

P o r o s i t y   i n  weld  metals i n  aluminum a l l o y s  i s  s p h e r i c a l  
i n  many c a s e s ,   a s  shown i n  Figure 3-1. The p o r o s i t y  may be 

worm shaped :   e longa ted   i n   t he   d i r ec t ion  of weld   meta l   so l id i -  
f i c a t i o n .  Weld poros i ty   wi th   the   shape   of   an   ob la te   sphero id  
i s  r a re ly   found :   po ros i ty   r a r e ly   con ta ins   sha rp   no tches .  Con- 
sequent ly ,  stress concentrat ions  around weld p o r o s i t y   u s u a l l y  
are not   very  severe. The va lues   o f   s t r e s s -concen t r a t ion  

f ac to r s   a round   po ros i ty   appea r   t o   be  i n  the   c ross -ha tched  

4-4 



areas (p, > 0 .5 )  o r  more o f t en   i n   t he   doub le   c ros s -ha tched  
areas (p, > 0 .5  , p 2  > 0.5)  . 

D u c t i l e   F r a c t u r e  

L e t  us   cons ider  a case i n  which a f l a t   p l a t e   ( w i d t h ,  B ,  

and  thickness ,  t) conta in ing  a c i r c u l a r   h o l e   o f  diameter, d ,  
i s  under a t e n s i l e   l o a d ,  P ,  as shown i n  F igure  4-2.  The 
average stress, 0 ,  and   t he   ne t  stress, anet, are def ined  as 
follows: 

- 

- P  p -  AO - a = -  
'net 

- "" ' 
Anet  

where 
A. = B t  i s  t h e   o r i g i n a l   s e c t i o n   a r e a  

Ane t = ( B  - d ) t  i s  t h e   n e t   s e c t i o n  area. 

When  B/d i s  s u f f i c i e n t l y   l a r g e ,   t h e  l eas t ic  s t ress -concent ra -  
t i o n   f a c t o r ,  K t ,  i s  c l o s e  t o  3. S and Su are t h e   y i e l d  
s t r e n g t h   a n d   t h e   u l t i m a t e   t e n s i l e   s t r e n g t h   o f   t h e   m a t e r i a l s ,  
r e s p e c t i v e l y .  

Y 

Curve 1 shows t h e  d i s t r i b u t i o n   a l o n g   l i n e  Af a t  t h e  

S 
stress l e v e l  a = 2 . The magnitude of stress a t  P o i n t  A 

r e a c h e s   t h e   y e i l d   s t r e n g t h  of t h e  material. I f  the  magnitude 
Kt 

S 
of   appl ied stress exceeds - , p las t i c   de fo rma t ion   t akes   p l ace  

Kt 
i n   t h e   h i g h l y   s t r e s s e d   r e g i o n s  as shown by the   c ross -ha tched  
areas i n   F i g u r e  4-2, a n d   f i n a l l y   f r a c t u r e   o c c u r s .  (34) 

I t  wou ld   be   qu i t e   un rea l i s t i c  t o  assume t h a t   f r a c t u r e  

sU occurs  a t  an  average stress of - 
K, 

. When the   average  stress 
L. 

is  - su , t h e  stress d i s t r i b u t i o n  would  be as shown by  Curve 2 
Kt 
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Figure 42.  Effect  of  defect on behavior  of  ductile  material  under  tensile  loading. 
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k i  

i n s t e a d  of be ing  shown  by Curve 2', elastic stress d i s t r i b u -  
t i o n .  (35) The stresses i n   t h e   p l a s t i c   r e g i o n   ( d e p t h ,  6 * )  are 
i n  the neighborhood  of the y i e l d  stress, S and  considerably 
lower than Su. 

Y '  

The stress d i s t r i b u t i o n  a t  f r a c t u r e  would be as shown 
by Curve 3, average stress a t  f r a c t u r e   b e i n g  z f .  The p l a s t i c  
reg ion   ex tends  to  a depth of 6 3 .  Curve 3 '  is the imaginary 
e las t ic  stress d i s t r i b u t i o n  a t  the average stress of zf .  The 

maximum stress a t  P o i n t  A ,  Kt,  of, is  much h igher   than  Su. 

I f  t h e  material i s  d u c t i l e   ( u n d e r g o e s   l a r g e   p l a s t i c  deforrna- 
t i o n   b e f o r e   f r a c t u r e   o c c u r s ) ,  the  p las t ic  regions  extend  and 
the stress concentrat ions  around the d e f e c t  are reduced. 

- 

However, s i n c e  t h e  s e c t i o n  area along  Plane efgh i s  less 
than the o r i g i n a l   s e c t i o n   a r e a ,   f r a c t u r e   u s u a l l y   o c c u r s  when 
the n e t  stress approaches Su. In   o ther   words ,  the  average 
f r a c t u r e  stress Zf is: 

- Anet  
of = - 

AO sU 

The ave rage   f r ac tu re  stress of a specimen w i t h  a ho le ,  
- 
o f ,  i s  obviously lower than t h e  ave rage   f r ac tu re  stress of a 
specimen w i t h  a h o l e ,   o r  defect, Su. The p e r c e n t a g e   l o s s   i n  
s t r e n g t h  due t o  a ho le  i s :  

.. N n e t  = 1 - -  
AO 

(4-3)  
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The lo s s  o f   s t r eng th   due  t o  a h o l e  o r  a d e f e c t  i s  p ropor t iona l  
t o  t h e  r educ t ion  of a s e c t i o n a l  area. 

Unstable B r i t t l e  F r a c t u r e  
* 

Unstable   rap id   p ropagat ion   of   f rac ture   has   been   exper ienced  
i n  a number of welded s t r u c t u r e s .  ( 3 8 ’  3 9 )  The f rac ture   mechanics  
theory  developed  by  Irwin (40r41)  a n d   o t h e r   i n v e s t i g a t o r s  has 

been  appl ied t o  t h e   s t u d y  of u n s t a b l e   f r a c t u r e s ,   e s p e c i a l l y   o f  
those i n   h i g h - s t r e n g t h  materials f o r   a e r o s p a c e   a p p l i c a t i o n s .  ( 4 2 , 4 3 1  

Figure  4 - 3  i l l u s t r a t e s   t y p i c a l   b e h a v i o r  when a sheet con- 
t a i n i n g  a t r a n s v e r s e   c e n t r a l  crack i s  subjected t o  uniform 
t e n s i l e   l o a d i n g .  For small cracks, f r a c t u r e   s t r e n g t h   e x c e e d s  
y i e l d   s t r e n g t h .  Gross y i e l d i n g  i s  observed i n  the load- 

def lec t ion   d iagram,   and   ex tens ive   p las t ic   deformat ion  i s  ob- 

s e r v e d   i n   t h e   f r a c t u r e   s u r f a c e .  However, f r a c t u r e  from  long 
cracks occur s   ab rup t ly  w i t h  n e g l i g i b l e   p l a s t i c   d e f o r m a t i o n .  
The obse rved   f r ac tu re  stress decreases  w i t h  i n c r e a s i n g  crack 
l eng th .   Uns tab le   f r ac tu re   occu r s  when t h e  s t r e s s - i n t e n s i t y  
f a c t o r ,  K ,  reaches a va lue ,  KC, which i s  character is t ic  f o r  
t he  material. 

where 
0 = ave rage   f r ac tu re  stress 
a = h a l f  crack l eng th .  

K i s  called t h e  c r i t i c a l  stress i n t e n s i t y   f a c t o r  o r  f r a c t u r e  
toughness  of t h e  m a t e r i a l .  The c r i t i c a l  crack l eng th ,  k c ,  

C 

* 
The e f f e c t  o f   weld   defec t   on   uns tab le   f rac ture  i s  a com- 

p l ex  subject and   the   d i scuss ion   here   on ly   covers   the   impor tance  
of   the  crack s i z e  on u n s t a b l e   f r a c t u r e .  Detailed d i scuss ions  
of the e f f e c t s   o f   d e f e c t s  on b r i t t l e  f r a c t u r e  of welded s t r u c -  
t u r e s  are g iven   in   References  ( 3 6 )  and ( 3 7 ) .  
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Figure 4-3. Unstable  fracture,  high-strength  materials  containing  a  central 
crack-effect of crack length  on  stress  at  fracture. 
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a l s o  may be used t o  c h a r a c t e r i z e   t h e  br i t t le  behavior  of t h e  
material: when the p r e e x i s t i n g  crack i s  shorter than  kc, 
f r a c t u r e  stress, a, exceeds   t he   y i e ld  stress a n d   f r a c t u r e  is 
d u c t i l e .  The ASTM Committee  on F r a c t u r e   T e s t i n g  of High- 
S t r eng th   Shee t  Materials ( 4 2 )  has  described  methods of measur- 
ing   f rac ture   toughness   o f   h igh-s t rength  sheet metals ( f e r r o u s  
and  nonferrous materials having a s t r eng th - to -dens i ty  ra t io  
of  more than  700,000 p s i / l b / i n  ) .  Kc can be determined by 3 

f r a c t u r e  tests of notched  specimens. 

An impor tan t   cons idera t ion  i n  u n s t a b l e   f r a c t u r e  i s  tha t  
the abso lu te  s i z e  of a flaw i s  the c o n t r o l l i n g   f a c t o r .  If 

the material con ta ins  a crack l a r g e r   t h a n  t h e  c r i t i ca l  s i z e ,  
t h e  crack can grow under low a p p l i e d  stress even  though t h e  

loss o f   s ec t iona l  area due t o  t h e  crack i s  minor. 

I t  i s  known t h a t  metals w i t h  a body-centered cubic 
l a t t i c e ,   s u c h   a s  steels and   t i t an ium  a l loys ,  are s e n s i t i v e  
t o   u n s t a b l e   f r a c t u r e ,  wh i l e  metals w i t h  a face-centered  cubic  
l a t t i c e ,   s u c h  as aluminum a l l o y s   a n d   a u s t e n i t i c   s t a i n l e s s  
steels, are no t .   Uns tab le   f r ac tu re  i s  n o t  a major  problem 
f o r   s t r u c t u r e s  made i n  2014-T6 and 2219-T87 a l l o y s   u n l e s s  

they  are subjected t o  cryogenic   temperatures .  
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4 . 2  P o r o s i t y   E f f e c t s  on  Weld-Joint  Performance 
under S t a t i c  Loading 

I n   t h e  NASA research  program on welding aluminum, 
e f f e c t s  of  porosity  on  weld-joint  performance  under s t a t i c  
loading  were i n v e s t i g a t e d  i n  Study 5 a t   t h e   M a r t i n  Company. 
Th i s   sub jec t  was a l s o   i n v e s t i g a t e d  t o  a l i m i t e d   e x t e n t   i n  
Study 1 a t  the  Boeing Company. C8 1 

(14 1 

Since a number of research  programs  have  been  carried 
o u t  t o  de termine   exper imenta l ly   the   e f fec ts   o f   defec ts   on  t h e  

s t a k i c   s t r e n g t h  of  weldments i n   v a r i o u s   m a t e r i a l s ,   t h e   f o l l o w -  
i n g   p a g e s   f i r s t   p r e s e n t   r e s u l t s   o f  some experiments   s imilar  
t o   t h e  NASA s t u d i e s .  Then d i scuss ions  w i l l  be  given  on 
r e s u l t s   o b t a i n e d  i n  t h e  NASA research  program. 

Results  of Some ExDeriments S i m i l a r  t o  NASA Stud ies  

Theore t i ca l ly   speak ing ,   t he   r educ t ion  of s t r e n g t h   i n  a 
d u c t i l e   m a t e r i a l  due to   porosi ty   should  be  approximately  pro-  
p o r t i o n a l   t o   t h e   r e d u c t i o n  of c ros s - sec t iona l   a r ea ,   a s   d i s -  
cussed   in   Chapter  4-1.  This  general   trend  has  been  confirmed 
by  a  number o f   i n v e s t i g a t o r s .  

For  example,  Kihara, e t  a l .  (44) have  summarized  experi- 
men ta l   r e su l t s   ob ta ined  from a l a r g e  number of  specimens t o  
show t h e  general  tendency  of t h e  e f f ec t s   o f   we ld   de fec t s  on 
t h e  s t a t i c   t e n s i l e   s t r e n g t h  of  aluminum  welds  (Figure 4 - 4 ) .  
The u l t ima te   s t r eng th   d id   no t   dec rease   apprec i ab ly  when t h e  
r educ t ion   o f   s ec t iona l   a r ea  due t o   d e f e c t s  was less than  
about 1 0  pe rcen t .  From t h a t  po in t   t he   s t r eng th   dec reased  
g radua l ly   a s   t he   r educ t ion  of sec t iona l   a r ea   i nc reased .   Fo r  
example, a 40 percent   decrease  i n  sec t iona l   a rea   caused   be-  
tween  about 20 and 4 0  p e r c e n t   d e c r e a s e   i n   t h e  u l t i m a t e  
t ens i l e  s t r e n g t h .  
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Chemical  Composition of the Aluminum  Alloy 

Chemical ComDosition (70, 
Specification 
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Figure 4-4. Relationship  between rate  of defective  area  and  ultimate tensile strength butt welds in  aluminum 
alloy. 



Welding  Research  Council   Bulletin 1 5 2  prepared by 
Pense  and  Stout i s  an i n t e r p r e t i v e   r e p o r t  on in f luence  
of   weld  defects   on  the  mechanical   propert ies   of  aluminum 
alloy  weldments. It covers   in f luence  on mechanical  proper- 
t ies  of po ros i ty   and   o the r   de fec t s .  

(37) 

F igure  4-5  shows r e s u l t s   o b t a i n e d  by Shore (38) who 
s t u d i e d   p o r o s i t y   e f f e c t s   i n   1 / 2 - i n c h   t h i c k  7039-T6151 a l l o y  
welded  with 5039 f i l l e r  wire by t h e  GMA process .   Tens i le  
specimens  had no weld  reinforcement,   and  pores as s m a l l  as 
1/250 inch  i n  diameter  were counted .   Tens i le   s t rength   o f  a 
we ld   dec reased   l i nea r ly   w i th   i nc reas ing  loss o f   s ec t iona l  
area.   Shore  observed  about 1 8 %  loss i n   s t r e n g t h   f o r  1 0 %  
p o r o s i t y .  

Research  Procedures of the  Martin  Study ( 5 , 1 4 1  

Experimental  welds  were made  by adding  moisture   or  
hydrogen t o   t h e   s h i e l d i n g   g a s   t o   p r o d u c e   p o r o s i t y   o f   t h e  
d e s i r e d  leve l .  

Production  of  Defective Welds. Welds were made i n  two 
m a t e r i a l s  (2219-T87  and 2 0 1 4 - T 6 ) ,  two th i cknesses  ( 1 / 4  and 
3/4  i n c h ) ,  and three w e l d i n g   p o s i t i o n s   ( f l a t ,   h o r i z o n t a l ,  and 
v e r t i c a l ) .  F i l l e r  w i r e  used was 2 3 1 9  w i t h  t h e  2219-T87 mate- 
r i a l ,  and 4 0 4 3  with t h e  2014-T6 m a t e r i a l .  Arc  welding was 
GTA, D-C, s t r a i g h t   p o l a r i t y  w i t h  he l ium  sh ie ld ing .  Welds 
had t o  be   in ten t iona l ly   contaminated   to   p roduce   poros i ty .  
This was done by me te r ing   add i t ions  of hydrogen  and/or m o i s -  
t u r e   t o   t h e   s h i e l d i n g   g a s   i n   t h e   t u n g s t e n   t o r c h .  However, 
extensive  addi t ions  of   hydrogen  tended  to   form a l a r g e  number 
o f   v e r y   f i n e   p o r e s ,   r e l a t i v e   t o   t y p i c a l   p o r o s i t y   s i z e - f r e -  
quency d i s t r ibu t ion   i n   p roduc t ion   we ld ing .   In  some i n s t a n c e s ,  
t h e   p o r o s i t y  was so f i n e   t h a t  t h e  X-rays  would  have  been 
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Figure 4-5. Loss of tensile strength  and  percent  elongation  in I-inch 
gage due to porosity  in high-strength aluminum welds (46). 
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acceptab le  by mos t   cu r ren t   s t anda rds ;   and   ye t   t he   s t r eng th  of 
these  welds  w a s  appreciably  reduced. 

Ano the r   d i f f i cu l ty  was changes i n  t h e  electrical  charac- 
teristics of t h e   a r c  which were induced by contamination of 
t h e  arc atmosphere.  Specimens  welded  with  heavy  contamination 
had  poor o r  nontypical  bead  geometry.  

Defec t   C la s s i f i ca t ion  System. C l a s s i f i c a t i o n   o f   d e f e c t s  
was pe r fo rmed   bo th   be fo re   and   a f t e r   des t ruc tuve   t e s t ing  of 
t h e  specimen.  Nonspecific  and  arbitrary level of p o r o s i t y  
were assLgned by comparison  with  an  adopted series of s t anda rds .  
Five leve ls ,  0 through 4 ,  f rom  wa te r   c l ea r   t o   qu i t e   bad ,  were 
adop ted   a s   t a rge t   po ros i ty   l eve l s   fo r   spec imen   p roduc t ion  
purposes. 

Mechanical  Property  Evaluation. The d e f e c t i v e  welds 
were eva lua ted  by l o n g i t u d i n a l   a n d   t r a n s v e r s e   t e n s i l e   t e s t i n g  
and by t r a n s v e r s e   f a t i g u e   t e s t i n g .  The specimen  width of 
t h e   t r a n s v e r s e   t e n s i l e  t e s t  w a s  the   s tandard   1 - inch   wide  
specimen fo r   t he   1 /4 - inch   s tock ,  and 1 l /2- inch  wide  for   the 
3/4-inch  stock. The dimensions  for   the  longi tudinal   specimen 
were chosen to   i n su re   t ha t   we ld   me ta l ,   hea t - a f f ec t ed   zone ,   and  
parent   meta l  were i n c l u d e d   i n  t h e  load -ca r ry ing   c ros s   s ec t ion  
of the specimen. The o b j e c t i v e  w a s  t o   s i m u l a t e   t h e  stress 
picture   which a weld sees i n   t h e   g i r t h   o r i e n t a t i o n  of a pres-  
s u r e   v e s s e l .   I n   t h i s   o r i e n t a t i o n ,  t h e  b a s e   p l a t e   a d j a c e n t   t o  
the  weld is  capable  of c a r r y i n g   t h e   l a r g e r   p a r t   o f   t h e   l o a d ,  
a5  long  as t h e  (poss ib ly   de fec t ive )   we ld   me ta l  i s  a b l e   t o  
e l o n g a t e   a n d   t r a n s f e r   t h i s   l o a d   t o  t h e  adjacent   base  metal .  
Fatigue  specimens were chosen  according  to  a Martin Company 
s tandard  ( 0 . 3  inch   wide   in  t h e  weld) .  
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Experimental  Results 

Static  Tensile  Tests  on  Transverse  Welds.  Figure 4-6 
shows  relationships  between  the  porosity  level  and  mechanical 
properties  of  transverse-weld  specimens. (14) Shown  in  the 
ordinate  are  the high,  medium,  and  low  values for each  poro- 
sity  level,  and  the "2  minimum''  values  of  the  following: 

1) Ultimate  tensile  strength 
2) Yield  strength 
3 )  Elongation  for 0.4-, 1-, and  2-inch  gage  length. 

Different  curves  are  shown  for  data  obtained  with  specimens 
with  and  without  weld  reinforcement. 

Figure 4-6 shows  that  the  ultimate  strength  decreased 
markedly  as  porosity  increased. (5 '14) Elongation,  especially 
with  a  short  gage  length,  also  was  affected  by  the  porosity 
level.  The  porosity  level  had  the  least  effect on the  yield 
strength. 

**  

Attempts  were  then  made  to  determine  quantitative 
relationships  between  the  porosity  level  and  the  ultimate 
strength.  After  specimens  were  fractured,  fracture  surfaces 

**  
Similar  results  were  obtained  in  Study 1 at  the  Boeing 

Company. (8) A statistical  analysis  was  made  of  the  effects  of 
shielding-gas  contamination  levels  on  mechanical  properties  of 
welds.  Among  the  six  properties  analyzed,  the  ultimate  strength 
of  transverse  welds  had  the  most  significant  correlation  with 
the  contamination  level.  The  following  lists  the  six  properties 
with  the  most  significant  to  the  least  significant  correlation: 

1) Most  significant:  Transverse-weld  ultimate  tensile 

2)  Transverse-weld  elongation 
3 )  Longitudinal-weld  elongation 
4 )  Longitudinal-weld  ultimate  tensile  strength 
5) Longitudinal-weld  yield  strength 
6 )  Transverse-weld  yield  strength. 

strength 

The  yield  strength  was  least  affected by the  contamination 
level. 
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were examined to   de t e rmine  the loss of sectional area due t o  
po ros i ty .  All pores   l a rge r   t han  1 / 6 4  i n c h   i n  diameter were 
coun ted   t o   de t e rmine   t he  loss of s e c t i o n a l  area. 

F igure  4-7 shows d a t a  f o r  1/4-inch t h i c k  t r a n s v e r s e  
welds i n  2219-T87 ( h o r i z o n t a l   p o s i t i o n ) .  Data for specimens 
w i t h  and  without  weld  reinforcement are shown. Shown i n   t h e  
a b s c i s s a  are t h e   t o t a l   p o r e  areas i n  terms of   equivalent  
numbers of 1/64-inch  diameter  pores  and the r educ t ion  of 
s e c t i o n a l   a r e a   i n   p e r c e n t .  Good c o r r e l a t i o n s  were obta ined  

*** 

between  the  reduct ion of sec t iona l   a r ea   and   t he  l o s s  o f   s t r eng th .  
Marked d e c r e a s e s   i n  the s t r e n g t h  were observed  on  specimens 
w i t h  smal l  loss of   c ros s - sec t iona l   a r ea .  The Mar t in   i nves t i -  
g a t o r s  stated tha t  most  specimens t ha t  showed s i g n i f i c a n t  loss 
of   s t r eng th  had many f ine   pores   bu t   pores   smal le r   than  1 / 6 4  inch  
i n  diameter were not   counted.  

A s t u d y   a l s o  was made of how ex i s t ing   ae rospace   i ndus t ry  
s p e c i f i c a t i o n s   r a t e   a s   i n s t r u m e n t s   f o r   p r e d i c t i n g   m e c h a n i c a l  
p r o p e r t i e s .   F i g u r e  4-8 i l l u s t r a t e s   r a n g e s  of u l t i m a t e   s t r e n g t h  
found  within welds o f   g iven   c l a s s i f i ca t ion   l eve l s   acco rd ing  
t o  t h e  ABMA-PD-R-27A, i n  2219 and 2014 weldments ,   respect ively.  
A l a r g e  amount  of s c a t t e r   i n   d a t a  i s  no t i ced .  The very low 
values  under  Class I were all taken  from  samples which contained 
l a r g e  numbers  of  very  f ine  pores.  

( 5 , 1 4 1  

Longi tudinal  Welds. The t e n s i l e   s t r e n g t h  of l o n g i t u d i n a l  

specimens  decreased as loss i n   c r o s s - s e c t i o n a l   a r e a s  due t o  
inc reased   po ros i ty .   S ince  a specimen  contained t h e  weld metal 
and the b a s e   p l a t e ,  the  poros i ty   caused   ra ther   minor   reduct ion  
i n   s e c t i o n a l   a r e a .  Even specimens  containing  extensive  poro- 
s i t y   m a i n t a i n e d   s t r e n g t h   o v e r  4 0 , 0 0 0  p s i .  The e f fec t  of  poro- 
s i t y  on   e longat ion   and   y ie ld   s t rength  were minor. 

*** 
For  example,  one  pore w i t h  1/32 i n c h  diameter and  one 

w i t h  1 / 1 6  inch  diameter are considered t o  be e q u i v a l e n t   t o  
4 and 1 6 ,  r e s p e c t i v e l y ,  of 1/64-inch-diameter  pores.  
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Analysis  and Evaluation of the  Mart in   Study on 
Poros i tv   E f fec t s   on  Weld S t r e n a t h  

An impor tan t   f ind ing   ob ta ined  i n  the  Mart in   s tudy is 
the s i g n i f i c a n c e   o f  small pores .  If t h e   r e d u c t i o n  of s t r e n g t h  
due t o  a pore i s  determined by i t s  c ross - sec t iona l  area, a 
pore   s ize   which   g ives   the  least r a t i o   o f   c r o s s - s e c t i o n a l  area 
to volume i s  to  be   des i red .   For  a s p h e r i c a l   v o i d ,   t h e   r a t i o  
of   c ross -sec t iona l   a rea   to   vo lume,  a, i s  

3 1  
-3- E a =  - 

4 3  7 'ITR 
(4 -5)  

J 

The value  of  c1 i n c r e a s e s  when R decreases.   Thus,  a given 
volume of contaminant   gas   in  a freezing  puddle   can  cause 
m o r e  damage i n  t h e  form of small pores   than   la rge   pores .  
Experimental resu l t s  showed tha t   sma l l   po res   d id   cause  
s i g n i f i c a n t   r e d u c t i o n  i n  s t r e n g t h .  

However, t h e   r e d u c t i o n   o f   s t r e n g t h  due t o  a small  
amount of pores   observed  during  the  Mart in   s tudy was very 
g r e a t ,   a s  shown i n  F igure  4-7.  The r e su l t s   caused  a consi-  
d e r a b l e   a t t e n t i o n   d u r i n g  the  i n t e g r a t i o n   s t u d y .  Two p o s s i b l e  
r e a s o n s   f o r   t h e   d r a s t i c   r e d u c t i o n   i n   s t r e n g t h  are: 

1) The specimens  contained many f ine  pores   which were 
not   counted 

2 )  The in tens iona l   contaminat ion   of   sh ie ld ing   gas  
adopted in   t he   expe r imen t   caused  some m e t a l l u r g i c a l  
degrada t ion  of t h e  material. 

I n  a n   e f f o r t   t o   c l a s i f y   t h e   r e l a t i o n s h i p  o f   po ros i ty   t o  
t e n s i l e   s t r e n g t h  of a weld,  Martin-Denver  conducted a n  addi-  
t i o n a l  t o  create a r t i f i c i a l   d e f e c t s .  I t  w a s  found t h a t   t h e  
ac tua l   change   i n   s t r eng th   o f   d r i l l ed   we lds  was s l i g h t l y  less 
than   p red ic t ed  on a l i n e a r   b a s i s ,  as i n d i c a t e d  by Equation 

( 4 - 3 )  



Fur the r   a t t empt s  w e r e  made to  improve  the  technique  for  
count ing  pores .  I t  w a s  found  tha t   very   good  cor re la t ion  
could   be   ob ta ined  when p o r o s i t y  area f r a c t i o n  was determined 
by t h e   g r i d   i n t e r c e p t  method. The g r i d   i n t e r c e p t  method is 
i l l u s t r a t e d   i n   F i g u r e  4-9 showing 10 X photographs   o f   f rac ture  

su r faces   o f  a seriously  contaminated  specimen.  Superimposed 
o n   t h e s e   f r a c t u r e   s u r f a c e s  i s  a rough  gr id ,   wi th  36 i n t e r -  
cep t ions   be tween  l ines  A t o  F and 1 t o  6 fo r   F igu re  4-9a, 

and 4 2  (A t o  F ,  1 t o  7) f o r   F i g u r e  4 - 9 b .  The  number of 
i n t e r c e p t s . w h i c h   f a l l   o v e r  a pore  (obvious  example, D-4 i n  
F igure  4 - 9 a ) ,  div ided  by t h e  number o f   t o t a l   p o s s i b l e   i n t e r -  
c e p t s ,  i s  t h e   p o r o s i t y  area f rac t ion .   Carefu l   count ing   gave  
20 p o r e   i n t e r c e p t s  f o r  (a)  and 1 8  f o r  ( b ) .  Conver t ing   to  
po ros i ty ,   r educ t ions  of s e c t i o n a l  area are: 

20/36  = 57% f o r  t h e  s e c t i o n  shown i n   F i g u r e  4 - 9 a  

1 8 / 4 2  = 4 3 %  f o r   t h e   s e c t i o n  shown i n   F i g u r e  4 - 9 b .  

Figure 4-10  shows d a t a   f o r   t r a n s v e r s e  tests of 2014-T6 

welds i n  1/4  i n c h   p l a t e s   p r e p a r e d   i n   t h e   f l a t  (downhand)  po- 
s i t i o n .  The f i g u r e  shows two sets o f - v a l u e s   f o r   t h e  loss of 
s e c t i o n a l   a r e a  due t o   p o r o s i t y :  

1) Count ing   pores   l a rger   than  1 / 6 4  i n c h   i n   d i a m e t e r  
2 )  Counting a l l  pores  by t h e   g r i d   i n t e r c e p t  method. 

The p o i n t s  X and Y i n   F i g u r e  4-10  represent   examples  shown 
i n   F i g u r e s  4 - 9 a  and 4-9b ,  r e spec t ive ly .   F igu re  4-10 shows 
t h a t   t h e  loss o f   s t r e n g t h   d u e   t o   p o r o s i t y   i n  aluminum welds 
was p ropor t iona l   t o   t he   r educ t ion   o f   s ec t iona l   a r ea   a s   l ong  
a s   a l l   p o r e s  w e r e  counted. 
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4.3   Poros i ty   Ef fec ts   on   Fa t igue   S t rength  

I n   t h e  NASA research  program on welding  aluminum, 
l i m i t e d   e f f o r t s  w e r e  made on t h e   p o r o s i t y   e f f e c t s   o n   f a t i g u e  
s t r e n g t h .  ( 1 4  , 8) 

Figure 4-11 summarizes results obta ined  a t  the Mart in  
Company. (I4 ' 4 5 )  Shown h e r e  are relat ionships   between  reduc-  
t i o n  of s e c t i o n a l  area due t o  po ros i ty   and   cyc le s  t o  f a i l u r e  
of we lded   j o in t s  i n  2219 and 2014  a l l o y   p l a t e s  1 / 4  inch  
th i ck .  The reinforcement  w a s  removed,  and the  specimens were 
cyc led  i n  axial  t ens ion   ( ze ro  t o  a g iven   va lue ,  o r  R = 0 ) .  

Figure  4-11 shows c y c l e s  t o  f a i l u r e   u n d e r   t h r e e  stress l e v e l s :  
10, 15,  and 20  k s i .  

The r e s u l t s  shown i n   F i g u r e  4-11 c a n   b e   i n t e r p r e t e d   i n  
several ways.  For  example, 1 0 %  poros i ty   causes :  

1) Reduction i n  f a t i g u e   s t r e n g t h   f o r  1 0 0 , 0 0 0  c y c l e  
l i f e  from over 20 k s i  to 12 k s i  (about 1/8 t ha t  of 
sound  weld) 

2 )  Reduction i n   t h e  number o f   c y c l e s   t o   f a i l u r e  
under 2 0  k s i :  from over l o 4  t o  around l o 3  (1/10 

tha t   o f   the   sound  weld)  
under 1 0  k s i :  from over l o 6  t o  around 5 X l o 4  

(1 /20 t h a t  of t h e  sound  weld).  

F igure  4-12 shows similar r e s u l t s   o b t a i n e d  a t  t h e  Ohio 
State  Univers i ty .  ( 4 6 )  Although t h i s   s t u d y  w a s  no t  a p a r t   o f  
t h e  NASA-sponsored s t u d i e s   i n c l u d e d   i n   t h i s   i n t e g r a t i o n   s t u d y ,  
t h e   r e s u l t s  are presented   here  for comparison. Welds were 
made i n  7039-T6151 p l a t e s  1 / 2  i nch   t h i ck   u s ing  5039 f i l ler  
w i r e .  The reinforcement  w a s  removed,  and  the  specimens were 
cycled t o  25 k s i  (R = 0 ) .  
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Porasitiy o/OLoss i n h  of FhctureSurface 

Figure 4-1 1. Fatigue Life Versus Fracture  Pore  Count  for 

1/4 inch  thick 2219 and 2014 (14, 45). 
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The r e s u l t s   o b t a i n e d   i n   t h e  t w o  s t u d i e s  were q u i t e  
s i m i l a r .   I n   t h e   b o t h   s t u d i e s  1 0 %  p o r o s i t y   r e d u c e s   t h e  
f a t i g u e  l i f e  by  an  order  of magni tude ,   tha t  i s ,  t o  1 /10  
t h a t  of the  sound  weld.  

4 . 4  Effect  of Repair Welds ( 4 )  

In   cons ider ing   the   da ta   which   re la ted   expec ted   mechanica l  
p r o p e r t i e s  t o  t h e   p o r o s i t y   i n  aluminum welds,  it i s  necessary 
t o  r e c o g n i z e   t h a t   t h e   a l t e r n a t i v e  t o  accept ing  the  porous 
weld i s  e i t h e r   r e p a i r   o r   s c r a p .  The s c r a p p a g e   a l t e r n a t i v e  
becomes less a t t r ac t ive ,  i f   n o t   s t a t i s t i c a l l y  close t o  i m -  
p o s s i b l e ,  as l aunch   veh ic l e   t ankage   i nc reases   i n  s i z e .  

F igure  4-13 i s  a p l o t  of r e d u c t i o n   i n   t e n s i l e   s t r e n g t h  
wi th   i nc reas ing  number o f   r e p a i r s   i n  2014-T6 welds. ( 4 )  I t  

i s  necessary t o  c o n s i d e r   t h e   p r o b a b i l i t y  of m u l t i p l e   r e p a i r s  
because   repa i r   weld ing  i s  no t   a lways   success fu l   t he   f i r s t  
time. Recent   p roduct ion   exper ience   ind ica tes   tha t  1 / 4  of 
f i r s t   r e p a i r s  are unacceptable  and  must be r epa i r ed   aga in ;  
1 / 2  o f   these   second  repa i rs  are unacceptable,   and  approxi- 
mately 2/3 of the   t h i rd   r epa i r s   axe   unaccep tab le .   Thus ,  
t h e r e  i s  c o n s i d e r a b l e   r i s k   t h a t   t h e   r e p a i r e d   w e l d s  w i l l  u l -  
t ima te ly   be  lower i n  mechanica l   p roper t ies   than   the   defec t ive  
weld which was i n i t i a l l y   r e j e c t e d .  I t  i s  i n t e r e s t i n g  t o  no te  
t h a t  a t h i r d   r e p a i r   ( F i g u r e  4-13 - t y p i c a l   s t r e n g t h   o f  36 k s i )  
has   the  mechanical   propert ies   equivalent  t o  a weld  which  has 
s u f f i c i e n t   p o r o s i t y   t o  be w e l l  ou ts ide   o f   s tandards   o f   accepta-  
b i l i t y ,   t h a t  i s ,  t o  a weld  containing 25 t o  35 area % p o r o s i t y .  
Thus more damage may be done  by r e p a i r   t h a n  i s  repa i red   by  it. 

Another  aspect of p r a c t i c a l   a p p l i c a t i o n  of the   gene ra l  
r u l e  of p e r c e n t   s t r e n g t h  loss equal ing   percent  area loss, i s  
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consideration of the  denominator in the  area loss fraction. 
1.n a uniaxial  tensile  specimen  the  denominator  is  simply  the 
area of the  tensile  specimen.  In  a  real  pressure  vessel  the 
incremental or base  line  area  is  not so straight-forwardly 
assigned.  Thus  direct  use of strength loss predictions  should 
be.verified  on  real parts,or  simulated  part  destructive  tests, 
prior  to  use. 

4-30 



CHAPTER 5 

Weld  Porosity,  Its  Sources  and  Control 

It has  been  known  for  sometimes  that  hydrogen  is  the 
primary  cause  of  porosity in aluminum  welds.  Research on 
porosity in aluminum  casting  provided  some  insight  into  the 
mechanisms of porosity in welds,  which  are  essentially  small- 
scale  castings.  However,  the  problem  of  eliminating or mini- 
mizing  porosity  in  welds  is  far  from  solved.  There  are  a 
number of possible  sources  of  hydrogen in  welding,  and  the 
thermodynamics  of  welding  reactions  are  more  complex  than 
casting. 

In the  NASA-sponsored  studies on welding  aluminum, 
considerable  efforts  were  made to identify  sources  of  hydro- 
gen  causing  porosity.  Studies  were  made  of  effects on poro- 
sity  of: 

1) Shielding-gas  contaminations 
2) Surface  cleanliness 
3) Base  metal  and  filler-metal  compositions  and 

internal  hydrogen. 

Efforts  were  also  made  on  developing  methods  for  controlling 
and  eliminating  porosity. 

The  following  pages  discuss: 

5.1 Mechanisms  of  porosity 
5.2 Shielding-gas  contamination 
5 . 3  Surface  contamination 
5.4 Composition of base  plate  and  filler  metal 
5.5 Methods of controlling  and  eliminating  porosity 



5.1  Mechanisms o f   Po ros i ty  ( 4 7 )  

Hydrogen i n   t h e  weld metal h a s   b e e n   a t t r i b u t e d  t o  a 
number of p o s s i b l e   s o u r c e s .   I n  fact ,  t h e  many p o s s i b l e  
sources  of  hydrogen are one of the   r easons   fo r   t he   con fu -  
sion  and  controversy  over  the  mechanisms  of  porosity  forma- 
t i o n   i n  welds. I n v e s t i g a t o r s   h a v e   p o s t u l a t e d   c e r t a i n  
mechanisms of formation  based on c o n t r o l l i n g  some v a r i a b l e s  
b u t   n o t   o t h e r s .  The impor tance   o f   cer ta in   var iab les  may be 
underestimated. 

The lack   of   knowledge   of   the   k ine t ics   o f   reac t ions  i n  
t h e  weld environment i s  another  major  reason why t h e   p o r o s i t y  
mechanism is  n o t  w e l l  understood. 

Role of Hydrogen ( 4  1 

Table 5-1 shows t h e   s o l u b i l i t y  of  hydrogen a t  one 
atmospheric   pressure in 99.9985%  aluminum. The so lub i -  
l i t y  of hydrogen i n   s o l i d  aluminum i s  very low, about 
0 .036  cc/100gr o r  8 . 1  x a tomic   percent   jus t   be low t h e  

mel t ing   po in t .  A t  660 '   C ,  t h e   s o l u b i l i t y  of hydrogen i n  
molten  aluminum  increases 60  times t o   a b o u t  0 . 7  cc/100gr   or  
1 .55  x atomic  percent .  The s o l u b i l i t y   f u r t h e r   i n c r e a s e s  
wi th   increas ing   tempera tures .  

( 4 8 )  

A s  t h e  molten  weld metal so l id i f i e s ,   excess   hydrogen ,  
above the s o l u b i l i t y  l i m i t ,  is r e j e c t e d  as t iny   pores   o f  
hydrogen  gas scattered through  the aluminum. A s  t i m e  permi ts ,  
t h e s e   n u c l e i  w i l l  j o i n   o r   c o a l e s c e  t o  form  large  pores .  I f  

permitted,   hydrogen  might grow so l a r g e   t h a t  some p o r o s i t y  
w i l l  f l o a t   o u t  of t h e  molten  aluminum. 
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TABLE 5-1. SOLUBILITY OF HYDROGEN  AT  ONE  ATMOSPHERIC  PRESSURE 

IN 99.9985 % ALUMINUM (48) 

Solid state Liquid state 

cc/lOO g At .  % cc/100 g Temperature A t .  % 
O C  OC 

300 

3 .76  x 10-4 1 . 6 7  8 0 0  8.1 x 0.036 660 

2.77 x 10-4 1 . 2 3  750 5.85 x 0.026 600 

2.40 x 10-4 1 .O? 725 2 .8 .x  0.0125 500 

2.07 x 0.92  700 1.1 x 1 0 - 6  0.005 400 

1 . 5 5  x 10-4 0 .69  660 2 . 2  x 10-7 0.001 

850 2 . 1 5  4 .84  X 10-4 



E f f e c t s  of Shielding-Gas  Dewpoint  and 
Welding Parameters on  Porosi ty  

Sape r s t e in ,  e t  a1 i n v e s t i g a t e d   e f f e c t s  on   poros i ty  ( 4 9 )  

of   va r ious   f ac to r s   i nc lud ing   mo i s tu re   con ten t   o f   he l ium-a rgon  
sh ie ld ing   gas ,   t r ave l   speed ,   and  arc length.   Bead-on-plate 
welds were made on p l a t e s   i n   t y p e  3003 a l l o y  by t h e  GMA 
process .  

Figure 5-1 shows t h e   e f f e c t  of  shielding-gas  dewpoint 
on   poros i ty   format ion ,  as de te rmined   i n   t h i s   s tudy .  
Each d a t a   p o i n t   r e p r e s e n t s  a s i n g l e  tes t  weld,   except  where 
otherwise noted. The dewpo in t   t h re sho ld   fo r   po ros i ty   fo r -  

mation was approximately -40 '  F for both t r a v e l   s p e e d s .  
Po ros i ty   con ten t  seemed t o  inc rease   exponen t i a l ly  as t h e  
dewpoint  increased  above - 4 O O  F.  

( 4 9 )  

An e f f o r t  was made to   co r re l a t e   we ld ing   pa rame te r s  t o  
p o r o s i t y .  The mathematical   analysis  of heat f low  in   weld-  
ments  developed by Rosenthal (50 )  and A d a m s  (51) was used. 
Adams developed  expressions  for  weld-cooling rates i n   t h e  
case of two-dimensional heat flow  from a p o i n t   h e a t   s o u r c e  
moving l i n e a r l y   w i t h   c o n s t a n t   v e l o c i t y  i n  a f l a t   p l a t e .  The 
c o o l i n g   r a t e   a t   t h e   f u s i o n   i n t e r f a c e   ( o n  t h e  s o l i d   s i d e )  i s  
given by t h e  fol lowing  expression:  

P = cool ing   ra te   parameter  = [ 10 EI 3 ~ t  l 2  [w,ii:n] (5-1) 
The cool ing  rate on the s o l i d   s i d e   o f  the f u s i o n - l i n e  i n t e r -  
f a c e  i s  d i r e c t l y   p r o p o r t i o n a l  t o  t h e   s o l i d i f i c a t i o n  time per  
u n i t  volume  on t h e   l i q u i d   s i d e .   ( S o l i d i f i c a t i o n  t i m e  i s  t h e  

e lapsed  t i m e  between  the  l iquidus  and  sol idus  temperature) .  
S ince   po res   fo rm  du r ing   so l id i f i ca t ion ,   t he   coo l ing - ra t e  
parameter   represents  a convenient  measure  of  porosity.  
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Many test welds were made t o  establish a c o r r e l a t i o n  
between  the  cool ing-rate   parameter   and  porosi ty .   Figure 5-2 
shows a t y p i c a l  dependence  between  percent  porosity  and  the 
cool ing- ra te   parameter .  (49 1 

A t  l o w  va lues  of the p a r a m e t e r   ( l o n g   s o l i d i f i c a t i o n  
time), the p o r o s i t y   l e v e l  i s  low.  The  few p o r e s   p r e s e n t   i n  
t h e  weld are l a r g e .  A t  h igh   va lues   o f   the   parameter ,   o r   wi th  
b r i e f   s o l i d i f i c a t i o n  t i m e s ,  the p o r o s i t y  level i s  also low, 
and  the  pores   tend  to  be ve ry   f i ne .  Between these two extremes, 
t h e   p o r o s i t y   l e v e l  reaches a maximum, exceeding 25 percent .  
Pore s i z e s  a t  t h e  maximum level   range  f rom medium t o   l a r g e .  

Nucleation  and Growth of   Poros i ty  

The experimental  resul ts  shown i n   F i g u r e  5-2 can be 

e x p l a i n e d   i n  terms of the  nucleat ion  and  growth  processes .  
A f t e r  nuc lea t ion ,  time i s  r equ i r ed   fo r   hydrogen   t o   d i f fuse  
in to   pores   and   for   subsequent   coa lescence  t o  occur .  Thus,  

a r ap id ly   coo l ing  weld i s  e s s e n t i a l l y  free of p o r o s i t y ,   o r  
it contains   only  micro-porosi ty   or   hydrogen i n  super -sa tura ted  
s o l i d   s o l u t i o n .  A s lower  cool ing weld, con ta in ing  the same 
hydrogen   concent ra t ion ,   exhib i t s   severe   poros i ty .  However, 
once maximum p o r o s i t y  i s  reached, t h e   l e v e l   a g a i n   d e c r e a s e s  
a s  t h e  cool ing  ra te  decreases .   Very  s low  cool ing  ra tes   evi-  
den t ly   a l low enough t i m e  fo r   ou t -gass ing  of the  hydrogen  con- 
t a i n e d   i n  the pores .  

I n   t h e  NASA research  program on welding  aluminum,  an 
a t tempt  was made t o   s t u d y  the nucleation  and  growth  mechnisms 
o f   p o r o s i t y   i n  aluminum welds. In  Study 3 a t   t h e  McDonnell 
Douglas Aircraf t  Company, e f f o r t s  were made t o   i n v e s t i g a t e  
t h e  mechanisms r e s p o n s i b l e   f o r   p o r o s i t y   i n  aluminum  welds i n  
terms of m e t a l l u r g i c a l  phenomena a s  w e l l  as   welding  parameters .  
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Research  Procedures of the Douglas  Study.  Experiments 
were made i n  t w o  phases .   In   Phase 1, an  arc w a s  produced fo r  
a predetermined  per iod a t  t h e   c e n t e r  of a 2-inch  diameter 
d i sk .   In   Phase  11, a weld  bead w a s  l a i d  on a r e c t a n g u l a r  
specimen 4 by 18   i nches .  The specimens i n  Phase I and I1 

were p r e p a r e d   i n  2219-T87 and 2014-T6 a l l o y s  1 / 4 -  and 
3/4-inch  thick.  

Welds were made by t h e  GTA process ,  DC s t r a i g h t   p o l a r i t y  
i n   t h e   f l a t   p o s i t i o n .  Specimens were welded i n  a c o n t r o l l e d  
atmosphere i n  a special ly   designed  double   chamber .  

Temperature  changes i n  a r e a s   i n  o r  c l o s e  t o  t h e  weld 
puddle were measured  using  thermocouples.   After  welding, 
t h e   p o r o s i t y   l e v e l  was determined i n   t h r e e  ways:  radiographic, 
pore  count ing,   and  gravimetr ic   techniques.  

Stat is t ical  ana lyses  were used   ex tens ive ly   i n   t he   des ign  
of  experimental   programs  and  the  analyses  of  experimental  
data.  The following  model was used   fo r   s t epwise   r eg res s ion  
a n a l y s i s :  

Yi = bo + b x + b2x2 + ... 1 1  + bnXn 

+ b12X1X2 + ... 
+ (n-1)  nxn-lxn 

+ . . . + bnnxn 2 
+ bllXl 

where, 

xll x 2 ,  ..., x = independent   var iab les  n 

Yi = dependent   var iables .  

(5 -2)  

Independent   var iables   invest igated  include  a tmosphere  con-  
taminant level ,  weld ing   cur ren t ,  arc vo l t age ,  arc t i m e  (or 
t r a v e l   s p e e d ) ,   a n d  material thickness .   Dependent   var iables  
inves t iga t ed   i nc lude   po ros i ty ,   hydrogen   con ten t   i n   t he   we ld  

metal, a n d   t h e   s o l i d i f i c a t i o n  t i m e  of a weld. 
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During  the  course of the   in tegra t ion   s tudy ,   however ,  

questions were ra i sed   abou t   t he  way conclusions were drawn 

from experimental   data.   Apparently the mechanisms of p o r o s i t y  
formation  and effects of welding  parameters are more  complex 

t h a n   t h o s e   a n t i c i p a t e d  by t h e   i n v e s t i g a t o r s .  
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5.2 Shielding-Gas  Contamination 

It has  been  known  that  moisture  in  the  shielding  gas  is 
a major  cause  of  porosity.  Collins(52)  stated  that  shielding- 
gas  contamination  is  especially  likely  when  the  arc  is 
unsteady. (4 7) 

Saperstein(49)  showed  that  welds  deposited  using  shield- 
ing  gas  with  dew  points  below -40' F were  virtually  free  from 
porosity  (Figure  5-21,  while  porosity  concentration  increased 
exponentionally-with  increasing  dew-point  temperature  above 
- 4 O O  F. 

Among  the  NASA-sponsored  studies  listed  in  Table 3-1, 
Studies 1, 2, 3 ,  and 5 covered  effects of shielding-gas 
contamination  on  porosity.  In all of  these  programs,  it 
was  found  that  the  shielding-gas  contamination  had a much  more 
significant  effect  on  porosity  than  did  the  other  factors  in- 
vestigated. 

It has  been  found  that  shielding-gas  contamination  can 
be  one  of  the  major  sources of porosity in aluminum  weldments. 
However, it also  has  been  found  that  commercial  shielding  gas 
is  normally  acceptably  pure  as  received.  In  the  NASA-sponsored 
programs  conducted  at  Boeing, ( 8 )  Battelle, (9'10) Douglas, (11) 

and  Martin,  investigators  reported  that it was  always 
necessary  to  intentionally  contaminate  the  shielding  gas  to 
produce  an  appreciable  amount of porosity.  Welds  made  in  the 
laboratory  did  not  contain  appreciable  amounts of porosity 
when  they  were  made  with  proper  procedures,  that is,  when 
plates  were  cleaned  properly  and  commercially  pure  shielding 
gas  was  used. 
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The ~- BoeinT S t u i  on Ef fec t s   o f   Ind iv idua l  G a s  Contaminants 

The e f f e c t s  of individual   gas   contaminants  were s t u d i e d  
by  making  welds i n  an  atmospheric-control  chamber  containing 
var ious   l eve ls   o f   gas   contaminat ion .  The s tudy w a s  performed 
i n  two phases:  

Phase I: Determination of the   ranges   for   which  a 
r e l a t i o n s h i p   e x i s t s  between  contaminants 
(02, N 2 ,  H2, and H20) i n   a r c - s h i e l d i n g  
helium  and  weldment  defects. 

Phase 11: A quan t i t a t ive   de t e rmina t ion   o f   t he   sh i e ld ing -  
gas   contaminat ion   e f fec ts   on   poros i ty ,  mecha- 
n i c a l   p r o p e r t i e s ,  and m e t a l l u r g i c a l   c h a r a c t e r -  
ist ics of 2219-T87 aluminum weldments. 

Welding  Procedures. The meta l   s tud ied  w a s  1/4-inch 
t h i c k  2219-T87 aluminum a l l o y .  Welds w e r e  made i n  t h e  

h o r i z o n t a l   p o s i t i o n  by t h e  GTA process ,  DC s t r a i g h t   p o l a r i t y  
using 2319 aluminum-alloy f i l l e r  wire. The chamber was 
vacuum-purged  and then   f i l l ed   w i th   he l ium  con ta in ing   p re -  
determined  amounts  of  contaminant  gases. 

Weldment Evalua t ion .   Fol lowing   rad iographic   ana lys i s ,  
each  weldment  panel w a s  machined t o   o b t a i n  two g rav ime t r i c ,  
two tensi le ,  and three  fa t igue  samples   and  one  metal lographic  
sample. 

S t a t i s t i c a l   A n a l y s e s .   S t a t i s t i c a l   a n a l y s e s  were used 
e x t e n s i v e l y   i n   t h e   d e s i g n  of experimental  programs  and  the 
ana lys i s   o f   exper imenta l   da ta .  The 2 4  f a c t o r i a l   a n a l y s i s  
w a s  used   to   des ign   exper imenta l   p rograms  for   s tudying  effects 
of   the  four   contaminat ing  gases   (oxygen,   hydrogen,   ni t rogen,  
and  water  vapor).   Experimental  results w e r e  analyzed on t h e  
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b a s i s  of t h e  factor ia l  a n a l y s i s .  The d a t a  were then  analyzed 
t o  o b t a i n   r e g r e s s i o n   e q u a t i o n s   r e l a t i n g   t h e  levels of  con- 
taminat ion t o  each  measure of we ld   qua l i t y .  

Findings.  The f o l l o w i n g   r e s u l t s  were obtained:  

1) Increasing  hydrogen  concentrat ion  increased  porosi ty .  
2 )  Inc reas ing  water vapor   increased   poros i ty .  
3 )   Inc reas ing   oxygen   d id   no t   i nc rease   po ros i ty :   i n  

some cases, a s l i g h t   d e c r e a s e   i n   p o r o s i t y  w a s  
observed. 

4 )  Increasing  ni t rogen  had little e f f e c t  on   poros i ty .  

The Boeing   inves t iga tors   p resented   F igure  5-3 as a guide 
fo r   con t ro l l i ng   sh i e ld ing -gas   con tamina t ion .  ( * )  The conta- 
mination levels shown indica te   where   occur rence   o f  a weld- 
qua l i ty   change  is i n i t i a l l y   o b s e r v e d .  The f i g u r e   i n d i c a t e s  
t ha t  250 ppm of   e i ther   hydrogen  o r  water vapor w a s  necessary 
be fo re   s ign i f i can t   qua l i t y   changes  were observed. A s  shown 
i n   F i g u r e  5-3, shielding-gas  contaminat ion  caused  var ious 
e f f e c t s   i n c l u d i n g   s u r f a c e   d i s c o l o r a t i o n ,   u n d e r c u t ,   a n d  re- 
d u c t i o n   i n   a r c   s t a b i l i t y .  Such  phenomena also were observed 

i n   o t h e r  programs. (9,10~, 1 1 , 1 4 1  

Figure 5-4 g i v e s   t h e   c a l c u l a t e d   r e l a t i o n s h i p ,  as de t e r -  
mined  by the  Boeing  invest igators ,   between  percent   of  water- 
s a t u r a t e d  a i r  i n   t h e  base gas  and  result ing  hydrogen  con- 
c e n t r a t i o n .  ( * )  The f i g u r e   i n d i c a t e s   t h a t  a t  70" F ,  f o r  
example,  an  addition  of 0 . 6  p e r c e n t   s a t u r a t e d  a i r  t o   p u r e  
helium  would r e s u l t   i n  250 ppm hydrogen i n   t h e   s h i e l d i n g   g a s .  

On t h e  basis of   exper ience   ga ined   in   the   cur ren t   p rograms,  
it is  b e l i e v e d   t h a t   t h e r e  i s  no reason t o  change   the   p resent  
NASA s p e c i f i c a t i o n  (MSFC-364A) f o r   s h i e l d i n g   g a s .  N o r m a l  
commercial gases  which meet t h i s   s p e c i f i c a t i o n  are be l i eved  
t o  h a v e   s u f f i c i e n t   p u r i t y .  
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However, gas  contamination  can occur w i t h i n  the b o t t l e ,  
or sometimes  between t h e   b o t t l e   a n d   t h e   t o r c h   n o z z l e .  Con- 
tamina t ion   could  occur i n  a p a r t i a l l y  empty b o t t l e ,   f o r  
i n s t ance .  O r ,  it could   occur   due   to   defec t ive   connec t ions  
i n   t h e   t u b i n g   s y s t e m .  An e f f o r t  w a s  made i n   S t u d y  1 7  t o  
dev i se  means o f   i n s t an t ly   check ing   t he   pu r i ty   o f   sh i e ld ing  
gas  a t  the   to rch   nozz le .   This  subject w i l l  be   d i scussed   i n  
a l a te r  p a r t   o f   t h i s   c h a p t e r .  

The Boeing   inves t iga tors   fur ther   ex tended   the   ana lys i s  
t o   c a l c u l a t e   t h e  amount  of  hydrogen  gas  available by decom- 
p o s i t i o n  of hydrocarbon  on  the  weld  groove. I t  i s  assumed 
that   hydrocarbon w i l l  decompose  completely t o   g a s e s  by t h e  
welding  arc   and  they w i l l  become gas  contaminants. 

According t o   t h e i r   c a l c u l a t i o n ,  it r e q u i r e s  less than 
1 mg of  hydrocarbon  per  inch  of  weld  to  continuously  generate 
250 ppm hydrogen i n   t h e   s h i e l d i n g   g a s .  I t  i s  e s t i m a t e d   t h a t  
a s i n g l e   f i n g e r p r i n t  would r e s u l t   i n  a 750-ppm hydrogen  in- 
c r ease   i n   t he   a r ea   con tamined .  By comparing  Figures 5-3 

and   5-5 ,   the   Boeing   inves t iga tors   es t imated   tha t  a s i n g l e  
f ingerpr in t   would   cause  a s i g n i f i c a n t   i n c r e a s e   i n   p o r o s i t y .  
The e s t ima t ion  w a s  based on the  assumption  that   hydrocarbons 
on the   su r f ace   o f  t h e  weld j o i n t  would  have  the same effect  
a s  an  equivalent  amount of hydrogen  being  introduced  as a 
con taminan t   i n   t he   sh i e ld ing   gas .  
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5.3 Surface  Contamination 

Many  investigators  believe  that  the  surface  condition 
of  the  base  plate  and  welding  wire  is  the  most  important 
factor  contributing  to  porosity.  Aluminum  oxidizes 
rapidly  and  may  contain  water in the  adsorbed  form or the 
chemically  combined form. 

( 4 7 )  

The  Boeing  investigators,  for  example,  reported  that  a 
single  fingerprint  could  cause  three  times  the  minimum  level 
of  hydrogen  necessary  to  cause  porosity  (Figure 5-5). A 
thorough  evaluation of surface  condi'tions  capable  of  pro- 
ducing  weld  defects  was  undertaken  in  Study 9 at IITRI 
(Illinois  Institute  of  Technology  Research  Institute). 

Characteristics  of  Surfaces of Practical  Joints ( 4 , 2 0 1  

From  a  practical  standpoint,  all  surfaces  which  are 
prepared  for  welding  are  "contaminated"  to  some  degree.  The 
extent  of  contamination  will  be  dependent  upon  a  host  of 
factors  which  include  but  are  not  necessarily  limited  to  the 
following: 

(a)  initial  as-received  surface  condition, 
(b) machining  variables, 
(c)  environmental  conditions, 
(d) chemical  treatments, 
(e)  solvent  treatments, 
(f) storage  durations. 

The  effects  of  these  factors  may  be  generalized  in  terms  of 
more  directly  measurable  surface  factors  which  include  the 
following: 

(a)  surface  topography, 
(b) surface  plastic  deformation, 
(c)  oxide  thickness, 
(d) oxide  crystalline  structure, 
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(e)  adsorbed  gases,  vapors,  or  liquids  (particularly 
hydrogen-bearing  substances  such as water  organic 
solvents,  lubricants,  etc. ) , 

(f)  foreign  metallic  and  nonmetallic  particulate  matter 
(such  as  tool  fragments,  paper  or  cloth  fibers,  skin 
particles,  etc. ) , 

(9) miscellaneous  residuals (i.e., F, C1, Na, etc., in 
combined  or  free  form  resulting  from  various  pre- 
paration  treatments) . 

The  problem  that  confronts  the  aluminum  welding  fabricator is 
that  of  establishing  surface  preparation  specifications  which, 
despite  the  contamination,  will  not  degrade  weld  quality  to 
some  unacceptable  level. 

Since  an  ideally  clean  surface  is  virtually  impossible 
to  achieve  for  normal  welding  fabrication,  it  is  imperative 
to  consider  various  factors  that  may  determine  the  "real" 
surface  condition.  The  ability  to  control  such  factors  will 
ultimately  determine  our  ability  to  minimize  weld  damage 
produced  by  surface  contamination.  Aluminum is  such  an  active 
metal  that  an  aluminum/air  interface  must of necessity  include 
a  barrier  layer  of  some  kind--usually  the  oxide. It is  pos- 
sible  to  produce  a  perfectly  clean  metallic  surface  by  cleav- 
ing  or  fracturing  a  metal  within  an  ultra  high  vacuum (10 
torr  or  better).  However,  surface  adsorption  of  gases 
occurs  on  the  freshly  fractured  surfaces  almost  immediately 
after  fracture. At a  pressure  of  torr  a  monolayer  of 
gas  will  form  within 1 second.  If  it  were  possible  to  weld 
only  freshly  cleaned  surfaces  then  the  surface  defect  poten- 
tial  would  be  an  absolute  minimum.  This,  of  course,  is  a 
virtual  impossibility.  However,  it  would  appear  necessary  to 
approach  this  condition so as  to  minimize  defect  potential. 

-10 
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In a  paper  entitled  "What is a  Clean  Surface?"  it  was 
pointed out  that  there  are  three  common  types  of  impurities 
present on a  metal  surface: (53) 

Substances  derived  from  the  base  metal,  comprising 
generally  oxides  of  the  metal,  but  also  including 
various  compounds  formed  by  corrosion  or  other 
surface  reactions. 
Substances  not  chemically  associated  with  the  base 
metal,  such  as  water,  oils,  greases,  solvents, 
drawing  compounds,  buffing  and  polishing  compounds, 
and  miscellaneous  dirt  picked  up  in  manufacturing, 
handling,  or  shipping.  Such  substances  may  be 
attached  very  loosely or in  either  a  physical  or 
chemically  adsorbed  state.  The  latter  condition 
may  be most  difficult  to  remedy. 
Substances  due  to  an  altered  base-metal  surface 
layer.  The  surface  of  the  base  metal  itself  may 
be  physically  unsound  because  it  consists of a  film 
of  stressed,  distorted,  broken,  or  disordered  base 
metal.  Alternatively,  such  metal  may  be  readily 
converted  to  oxides,  hydroxides,  or  other  oxidation 
products of the  altered  metal. 

the  light of the  foregoing,  the  surface  chemistry  and 
physics  of  aluminum  immediately  after  the  preparation  of  the 
surface  for  welding  may  be  expected to have  significant  effects 
on  the  structure  and  kinetics of formation  of  the  oxide  film 
which  forms at  room  temperature.  The  degree  of  moisture  ad- 
sorption, or  hydration,  would  also  probably  be  highly  sensitive 
to  variations  in  surface  activity  related  to  different  methods 
of  surface  preparation  for  welding. 
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Surface  AdsorPtion (4 ,201  

Probably  the  most  detrimental  surface  condition,  with 
respect  to  weld-defect  potential,  is  that  related  to  surface 
adsorption.  Adsorbed  hydrogen-bearing  contaminants  would  be 
expected  to  be  the  principal  cause of porosity-type  de.fects. 
The  preparation  of  a  "good"  weld  joint  surface  should  be  one 
that  is  relatively  free  of  adsorbed  hydrogen-bearing  contami- 
nants.  The  objective  of  this  section is  to  describe  some  of 
the  important  adsorption  phenomena  and  their  relevance  to 
this  program. 

Two  types  of  surface  adsorption  are  distinguished: 
physical  adsorption  and  activated  adsorption  (generally 
termed  chemisorption).  Physical  adsorption  is  characterized 
by  the  concentration of molecules on  the  surface  of  the  metal 
at comparatively  low  temperatures.  Physical  adsorption  in- 
volves  the  attraction of molecules  to  surfaces  by  the  same 
forces  that  are  responsible  for  the  liquefication  of  gases. 
Hence  physical  adsorption  is  essentially  a  rapid  and  reversible 
process  because  very  low  activation  energy  is  required  for  this 
phenomenon.  The  surface  concentration  of  the  adsorbate  de- 
creases  with  increasing  temperature,  and  increases  with  in- 
creasing  partial  pressure.  Theoretically,  physical  adsorption 
reaches  a  saturation  equilibrium  level  at  or  near  a  monomole- 
cular  layer  thickness  at  a  very  rapid  rate.  However,  in 
practice,  especially  with  porous  adsorbents  (such  as  porous 
oxide  films),  considerable  time  may  be  required  to  establish 
an  equilibrium  saturation  because of the  slowness  of  diffusion 
of  the  adsorbate  through  the  pores  and  crevices  in  the  adsor- 
bent.  Considering  the  surface  preparation of aluminum  for 
welding,  physical  adsorption  could  conceivably  have  an  impor- 
tant  effect  on  subsequent  weld  quality.  For  example,  if  a 
thick  fragmented  oxide  were  produced  as  a  result  of  joint 
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preparation,  considerable  water  adsorption  may  occur  during 
exposure  in  the  ambient  atmosphere.  Moisture  from  the  at- 
mosphere  could  be  "sponged"  up  by  the  porous  oxide. No 
known  data  are  available  on  the  rate  of  physical  aasorption 
of  water  (from  the  ambient  atmosphere)  on  oxidized  aluminum. 

The  second,  and  potentially  more  damaging,  type  of 
adsorption  is  that  termed  "chemisorption." In chemisorption 
the  adsorbed  molecule  or  molecular  fragment is held  to  the 
surface or  surface  oxide  by  strong  bonds  characteristic'of 
covalent,  ionic,  or  metallic  bonding.  The  interaction  of  an 
adsorbate  with  a  surface  is  much  more  specific  than  in  the 
case  of  physical  adsorption  where  any  adsorbate  may  be 
readily  "sponged"  up.  The  reason  for  this  is  the  specific  chemi- 
cal  changes  that  take  place  between  the  surface  adsorbent  and 
the  specific  adsorbate.  The  rate  of  adsorption  may  be  slow 
due  to  the  need  for  acquiring  an  activation  energy  before  the 
chemisorption  process  can  take  place.  But  once  adsorption  has 
taken  place,  it  is  not  easily  reversed,  and  the  application 
of comparatively  high  temperatures  may  be  needed  before  desorp- 
tion  can  occur. In some  cases  even  the  application  of  very 
high  temperatures  will  not  bring  about  a  reversal  of  the 
original  adsorption  process  because  a  chemical  change  takes 
place  involving  breakdown  of  the  adsorption  complex  into  new 
products. 

The  bulk A1203-H20 system is characterized  by  chemisorp- 
tion  reactions.  The  trihydrate, A1203-3H20, is  very  stable 
up  to 280' F (140' C). Above  this  temperature  the  alpha 
monohydrate  (boehmite)  is  formed  and is stable  to  approxi- 
mately 760' F (400' C). Beyond  this  temperature  alumina  tends 
to  become  dehydrated  if  heated  in  an  absolutely  dry  atmosphere. 
The  simple  desorption  of  physically  adsorbed  water  can  be 
rapidly  achieved at approximately 212' F (100' C) at ambient 
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pressures,  whereas  much  higher  temperatures  are  required  to 
desorb  chemically  adsorbed  water.  Of  course,  the  crucial 
questions  from  a  practical  standpoint  are:  (a)  to  what  ex- 
tent  does  the  chemisorption  of  water  occur  on  an  aluminum/ 
aluminum  oxide  surface  as  a  result of weld  joint  preparation 
and  (b)  what  effect  does  such  adsorption  have on  the  ultimate 
weld  quality?  These  questions  constitute  an  important  part 
of  this  program. 

Constituents  other  than  water  (such  as  solvents,  lubri- 
cants, etc.)  may  also  be  adsorbed on  aluminum/aluminum  oxide 
surfaces,  and  they  may  be  equally  or  more  important  than 
water.  Irreversible  adsorption  can  occur  with  a  large  number 
of  simple  organic  molecules  (including  benzene,  ethyl  alcohol, 
and  carbon  tetrachloride)  on  various  oxide  surfaces  (CuO,  NiO, 
ZnO, and  MgO). In  the  case  of  ethyl  alcohol  there  was  evidence 
that  chemisorption  had  occurred  because  various  breakdown  pro- 
ducts  of  the  molecule  were  formed  when  the  surfaces  were 
heated. 

Adsorption  of  pure  nonpolar  liquid  compounds  (including 
benzene,  toluene,  xylene,  and  carbon  tetrachloride)  on  polished 
surfaces  of Pt, Au,  Ag,  Cu,  Ni, W, Cr, Sn, and  Cd  was  very 
pronounced.  "In  past  investigations of cleaning,  friction, 
adhesion,  corrosion  prevention,  and  other  studies  or  uses  of 
the  surface  properties  of  metals,  it  usually  was  assumed  that 
a  final  solvent  cleaning  or  degreasing  of  a  surface  was 
satisfactory  provided  that  a  sufficiently  pure or  volatile 
solvent  was  used.  Our  results  prove  that  this  supposition ' 

is incorrect,  even  if  the  solvent  is  nonpolar,  and  is  capable 
of  greatly  confusing  or  interpreting  the  experiments.  Where 
complete  freedom  from  adsorbed  organic  material  is  desired, 
it  is  better  to  avoid  using  any  organic  solvent  in  the  last 
stage  of  cleaning  the  solid  surface."  The  implications of 
this  conclusion  as  related  to  the  surface  preparation  for 
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welding  are  quite  obvious.  The  adsorption  of  chemical  reagents, 
particularly  those  that  are  capable  of  liberating  hydrogen, 
must  also  be  considered.  For  example, 4.4 x mm3 of 
fiydrogen  may  be  adsorbed on 1 cm2  pf  aluminum  surface  in  the 
form  of a monatomic  layer.  Hydrogen  evaluation  during  chemical 
cleaning  may,  thereby,  produce  significant  amounts  of  ad- 
sorbed  hydrogen,  which  is  exceedingly  harmful  to  weld  quality. 

Finally,  adsorption  of  the  common  gaseous  constituents 
of  air  (oxygen,  nitrogen,  carbon  dioxide,  etc.)  should  be 
considered.  Oxygen,  of  course,  is  abundant  in  the  oxide  form. 
The  other  gases  may  be  adsorbed  to  the  detriment  of  weld 
quality.  However,  it  is  probable  that  the  adsorption  of 
nitrogen,  carbon  dioxide,  etc.,  will  be  of  negligible  impor- 
tance  compared  to  the  adsorption  of  hydrogen-bearing  con- 
stituents. 

Surface  Topography ( 4  ,20) 

The  topography  of  the  aluminum/aluminum  oxide  surface 
may  have  important  effects  on  weld-defect  formation.  Several 
factors  must  be  considered. A brief  discussion  of  some  of 
these  factors  and  their  potential  relationship  to  weld- 
defect  formation  is  presented  in  the  following  pages. 

Although a majority  of  surfaces  appear  to  have  random 
topographies  and  consist  of  many  irregular,  jagged  protrusions, 
there  are  definite  patterns  which  characterize a surface 
(Figure  5-6a).  These  patterns  can  generally  be  classified 
according  to  their  respective  wavelengths.  This  is  possible 
because  the  surface  irregularities  are  actually  periodic  in 
nature,  although  they  may  be  complicated  in  waveform  and 
difficult  to  interpret.  The  irregularities  of  the  longest 
wavelength  can  be  considered  as  errors of form  described  by 
Figure  5-6b.  These  are  caused  by  flexure  of  the  machine  or 
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Figure 5-6. Constituents  of the topography of a  machined  surface; 
(a)  The  general  toporgraphy  which  includes  the irregu- 
larities  caused  by (b) flexure or slideways,  (c) vibra- 
tion  or  bad  truing,  (d)  the  cutting  tool,  and  (e)  chip 
removal. 
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part,  or  by  errors  caused  in  the  slideways.  Superimposed  upon 
this  waveform  is  one  of  shorter  wavelength  described in 
Figure  5-6c,  which  is  caused  generally  by  components  of  vi- 
bration,  or  by  bad  truing  of a grinding  wheel.  The  next 
shorter  wavelength  wave  (Figure  5-6d)  is  commonly  referred 
to  as  surface  roughness. It is  the  pattern  formed  by  succes- 
sive  grooves  or  scratch  marks.  The  shortest  wavelength  pat- 
tern  (Figure  5-6e)  is  superimposed  on  the  previous  wave  and 
results  from  the  irregularities  within  each  groove,  which 
are  formed  by  the  rupturing  of  the  material  as  the  chip is 
torn  from  it.  In  many  cases,  these  characteristics  are 
broadly  classified  by  designating  them  as  either  surface 
roughness  or  waviness.  Roughness  takes  into  account  the 
finer  irregularities  caused  by  the  cutting  tool  and  the 
machine  tool  feed,  while  waviness  is  the  wider  spaced 
irregularity  resulting  from  machine  or  work  deflections, 
vibrations,  or  heat  treatments.  To  distinguish  between  these 
two  forms, a roughness-width  cutoff is defined  as a maximum 
width  of  surface  to  be  included  in  the  measurement  of  rough- 
ness  height. In addition  to  these  surface  characteristics, 
there  is a class  of  random  irregularities  called  flaws.  These 
occur  at  one  place  or  at  relatively  infrequent  intervals  in 
d surface.  Scratches,  tears,  ridges,  holes,  peaks,  cracks, 
or  checks  are  examples  of  flaws. 

On  even a smaller  scale  than  surface  waviness,  there  is 
a predominant  direction  of  the  surface  pattern  called  the  lay 
of a surface.  The  controlling  factor  in  this  case  is  the 
production  method,  which  results  in  patterns  such  as  parallel, 
perpendicular,  angular,  multidirectional,  circular,  and 
radial  relative  to  some  fixed  reference. In general,  the 
character  of a surface  depends  upon  the  degree  to  which a 
machine  is  properly  set  up  and  used,  the  particular  machine 
cutting  apparatus,  the  direction  of  the  cut,  the  feed  and 
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tool  shape,  the  crystalline  structure  of  the  material,  the 
elastic  and  plastic  deformations  of  the  material,  and  the 
mechanism  of  material  removal. 

At  least  two  possible  effects  of  surface  roughness  are 
immediately  evident.  The  actual  area,  rather  than  the  appar- 
ent  area, of a surface  increases  in  direct  proportion  to  its 
roughness.  The  potential  amount of surface  oxide  and/or  ad- 
sorbed  contaminants  would,  therefore,  be  expected  to  be 
directly  proportional  to  surface  roughness.  Consequently, 
surface  roughness  could  potentially  affect  weld  soundness 
by  providing  more  or  less  actual  surface  area  for  adsorption 
of damaging  contaminants. 

The  second  possible  effort  of  surface  topography  is 
that  related  to  the  mechanical  entrapment  of  harmful  conta- 
minants.  Folds,  tears,  scratches,  crevices,  and  other  such 
irregularities  may  promote  the  mechanical  entrapment  of 
cutting  tool  debris,  lint,  lubricants,  solvents,  water,  and 
even  humid  air  on  the  surface  of a weld  joint  preparation. 
This  type  of  entrapment  could  cause  subsequent  weld  defects. 
One  very  important  attribute  of  this  type  of  mechanical  en- 
trapment  could  be  its  statistically  random  nature.  The 
occurrence  of  weld  defects  is  also  frequently  by  statistically 
random  distributions.  Conceivably,  such  random  defect  dis- 
tribution  could  be  closely  related  to  the  probable  random 
distribution  of  mechanically  entrapped  surface  contaminants. 

The  aforementioned  methods  were  selected  for  initial 
evaluation  because  they  were  believed  to  be  capable  of  dis- 
closing  surface  characteristics  which  could  cause  degradation 
of  weld  soundness.  Mass  spectrometry,  gas  chromatography, 
and  spark  emission  spectroscopy  were  selected  to  determine 
surface  absorption  effects.  Spectral  reflectance  analysis 
was  evaluated  for  the  purpose  of  pertinent  oxide  or  surface 
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topography  characteristics  and  possibly  compositional 
differences.  The  evaporative  rate  method  of  analysis  is a 
special  case  and  was  employed  to  determine  whether  or not 
gross  surface  differences  could  be  measured. 

Coincident  with  the  preliminary  surface  analysis  studies, 
a parallel  evaluation  of  weld-defect  potential  was  under- 
taken. The  exploratory  evaluation  was  performed  for  two 
reasons: (1) to  develop a simple  weld  test  which  was  capable 
of disclosing  surface-induced  defects  and  (2)  to  establish a 
tentative  correlation  between  surface  contamination  level  and 
weld-defect  potential.  The  latter  objective  was  considered 
to  be  vitally  important  since it would  be  futile  to  indis- 
criminately  measure  surface  conditions  which  were  in  no  way 
related  to  weld-defect  potential.  Furthermore, a simple  weld 
test  could  in  itself  be a very  potent  screening  test  for  the 
evaluation  of  surface  preparation  methods. 

Procedures  of  the  IITRI  Studv 

The  objective  of  Study 9 performed  at  IITRI  was  to 
establish  the  significance  of  material  preparation  and  sur- 
face  property  effects  on  weld  porosity. A three-phase  pro- 
gram  was  undertaken  to  achieve  the  program  objective: 

Phase I: Identification  and  classification  of  dele- 
terious  surface  conditions 

Phase 11: Standardization  of  surface  condition  mea- 
surements 

Phase 111: Correlation  of  surface  condition  and  weld 
quality. 

Materials.  Two  aluminum  alloys,  2014  and  2219,  were 
supplied  by  the  Marshall  Space  Flight  Center, NASA, for  this 
program.  Eight  sheets  of  2014-T651,  48 x 144 x 0.250  inches, 
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and  six  sheets  of  2219-T87,  72 x 144 x 0.359 inches  were 
obtained.  Only  the  2014  material  was  used  in  the  preliminary 
Phase I evaluations. 

Surface  Preparation An overwhelming  number of accepted 
preparations  for  aluminum  surfaces  prior  to  welding  are 
currently  used  in  the  aerospace  industry. A systematic  study 
of  each  one  would  have  been  impossible  within  the  time  and 
funds  scope.  Therefore,  treatments  representative  of  solvent 
degreasing,  chemical  cleaning,  and  mechanical  cleaning  were 
employed  in  this  investigation. 

Preparation  of  Nonmachined  Specimens.  Materials  in  the 
as-received  condition  exhibited  maximum  surface  roughness  of 
less  than 10 inches  (peak-to-peak).  The  surface  was  heavily 
contaminated  with  oils,  greases,  ink,  and  foreign  particles 
picked  up in  fabrication,  handling,  and  storage.  Small 
blanks,  approximately 1 x 1.5 x 0.250  inches,  were  saw-cut 
from  the  sheets  of  2014 A1 and  individually  stored  in  snap- 
top  jars,  about 2 inches  diameter  by 3 inches  deep,  for 
subsequent  treatment. All further  handling  of  specimens  was 
by  Teflon-lined  tongs,  disposable  tissue,  or  plastic  gloves. 
The  jars  were  stored  in a desiccated  dry  box  between  proces- 
sing  steps  and  until  just  prior  to  specimen  analysis.  The 
air  in  the  dry  box  was  maintained  at  -4OO F dew  point  (about 
72O F dry  bulb  temperature)  by  continuously  purging  with 
bottled  dry  air. 

Degreasing  was  performed  by a detergent  (Tide)  and/of 
solvent  soak.  The  solvent  was  reagent  grade  benzene.  Samples 
were  immersed  for a period  of 1 minute,  followed  by a vigorous 
tissue  wipe  or  warm (llOo F) air  dry  using a heat  gun. 

The  original  film  was  removed  by  chemically  cheaning 
(1-min.  immersion  in a 5 w/o  NaOH  solution  at 18Oo-19O0 F). 
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The  dark  film  that  formed  was  removed  (desmutted)  by a short 
(15  seconds)  dip  in  50  v/o HN03. Agitated  rinsing  in  deionized 
water  and  warm  air  drying  followed. 

Additional  treatments  were  included  to  attempt  to  produce 
surfaces  having a range  of  weld-defect  potential.  These  were: 
boiling  in  water,  storage  over  water,  coating  with  silicone 
grease,  anodizing,  and  certain  combinations of these.  Anodiz- 
ing  was  done  in  an  electrolyte of 15 w/o H2S04  at 72O F and 
a current  density  of 12 amp/ft2  for  periods  ranging  from 1 sec 
to 60 minutes.  Water  rinsing  and  warm  air  drying  followed. 

Preparation  of  Machined  Specimens.  Numerically  programmed 
machining  was  done  with a Sundstrand  5-axis,  Om-3  Omnimil  to 
obtain a reproducible  starting  surface.  The  omnimil  used 
specially  constructed  fixturing.  The  specimen  chamber  enabled 
the  maintenance  of a controllable  environment  during  machining. 
A dry  air (20% relative  humidity)  or a moist  air (90% RH) at- 
mosphere  was  incorporated  in  the  machining  procedures  by 
flushing  the  chamber  with  bottled  dry  air  (-40° F dew  point) 
or  passing  the  air  through a water  bubbler  then  to  the  chamber. 
The  ambient  temperature  and  relative  humidity  in  the  Omnimil 
room  was  maintained  at  about  72O F and  50%,  respectively,  at 
all  times. 

The  most  valid  discrimination  between  defective  and 
nondefective  welds  (including a possible  range of defect  con- 
tent)  is  ascertained  by  correlating  the  surface  analysis  re- 
sults  with  actual  weld  results.  Therefore, a simple  weld 
test  was  developed  and  used  extensively  throughout  the  pro- 
gram.  The  test  proved  to  be  extremely  useful  and  is  in  it- 
self  an  excellent  screening  test  for  determining  the  accepta- 
bility of various  surface  preparations  for  welding. 
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Weld  Test. A weld  test  was  developed  to  disclose  damage 
mainly  produced  by  surface  contamination. A pair  of  samples 
of a particular  preparation  are  placed  together  on 1 x 1.5  in. 
faces  and  positioned  in a vise  between  two 3 1/2 x 2 1 /4  x 1 in. 
thick  pieces  of  type  1100  aluminum so that  the 1.5 in.  edges 
are  forward.  The  large  pieces  of  aluminum  served  as a heat 
sink.  The  vise  is  tightened  with a force  of  about  30  ft-lb. 
A spot  is  fused  at  the  midpoint  along  the  interface.  The  spot 
welds  are  made  with  DCSP/TIG  process,  using  the  following 
settings  with a Sciaky S-4 power  supply:  constant  current 
mode,  arc  current,  320  amps;  arc  voltage, 18 volts;  arc 
length, 1/16 in.; gas,  high-purity  helium (10 ppm  H20);  arc 
duration, 2 sec;  gas  preflow, 1 min; gas  flow, 100 cfh; 
electrode,  tungsten-2%  thoria,  5/32  in.  diameter;  and  tip 
geometry,  32O  taper,  3/32  in.  blunted  tip.  Figure  5-7 
illustrates  the  spot  weld-test  specimen. 

The  test  is  extremely  sensitive  to  the  properties  of  the 
butting  surfaces.  The  gases  liberated  from  the  surfaces  by 
the  heat  of  the  arc  are  trapped  by  solid  contact  along  the 
fusion  line.  The  pressure  of  gases  generated  at  the  melting 
front  is a function  of  the  amount of surface  contamination. 
At  some  level of contamination  there  is  sufficient  pressure 
built  up  to  cause  the  gases  to  "escape"  into  the  weld  pool. 
Porosity  is  formed  by  the  rejection  of  the  dissolved  gases 
during  solidification  and  cooling.  Heavily  contaminated 
surfaces  exhibit  porosity  throughout  the  fusion  zone,  whereas 
cleaner  surfaces  are  characterized  by  porosity  only  along  the 
fusion  line  or  complete  absence  of  porosity.  The  amount  of 
oxide  film  present  on  the  surfaces  determines  the  fusibility 
and  depth  of  penetration  along  the  interface.  Oxide  inclu- 
sions  are  readily  disclosed  on  the  parted  surfaces,  at  the 
fusion  line  and  in  the  weld. 
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SPOT WELD 

FRACTURE  SURFACE 
E X A M  I NED 

Figure 5-7. Weld test  specimen for evaluating  defect  potential  of  surfaces. 
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The e x t e n t   o f  weld damage i s  best determined by 
f r a c t u r i n g  the pieces   through  the  weld,   thereby  exposing  the 
in t e r f ace ,   fu s ion   l i ne ,   and   fu sed   we ld  metal. Defect  con- 

t e n t  i s  eva lua ted   by   inspec t ion  a t  25X magni f ica t ion .  

Resul t s   o f  the I I T R I  Study 

T a b l e  5-2 summarizes the   su r f ace   p repa ra t ions   and  a 
d e s c r i p t i o n  of d e f e c t s .  All test  welds c o n t a i n e d   s i g n i f i c a n t  
porosi ty   except   the  machined  specimens  (Figure 5-8) t h a t  
received no fu r the r   t r ea tmen t .   F igu re  5-9 shows large  poro-  
s i t y   encoun te red  when t h e   s u r f a c e  w a s  not  machined  but w a s  
solvent  degreased.  Figures  5-10, 5-11,  and 5-12 show photos 
taken  of   machined  surfaces   with a scann ing   e l ec t ron  micro- 
scope:  numerous tears and smears a r e   p r e s e n t .   F i g u r e  5-13 
shows a f rac tured   spec imen  wi th  a r e s idue   o f   t h i ch lo roe thy lene  
near  the su r face .   F igu re  5-14 shows reac t ion   products   f rom 
chemical   c leaning.  

F igure  5-15 p r e s e n t s  the f i n d i n g   i n  a simple  manner. 
Shown h e r e  are weld-defec t   po ten t ia l   o f   var ious   sur face  
p repa ra t ions .   F igu re  5-16 i s  a similar p r e s e n t a t i o n ,   b u t  it 
i n c l u d e s   t h e   e f f e c t   o f   s t o r a g e  t i m e  o n   d e f e c t   p o t e n t i a l .  As- 
machined  surfaces have the   lowes t   defec t   po ten t ia l .   Charac-  

terist ics o f   va r ious   su r f ace   p repa ra t ions   a r e  as fo l lows .  

1. As-Received.  This  type  of  surface  generally w i l l  be  
covered wi th   an   anodized   or   severe ly   ox id ized   hydra ted   l ayer  
which i s  l a d e n   w i t h   o i l s ,   i n k s ,   g r e a s e ,  d i r t ,  and   o ther   debr i s .  
The we ld   de fec t   po ten t i a l   o f   a s - r ece ived   ma te r i a l  i s  gene ra l ly  
very  high  and, a t  best, cannot be relied upon t o  produce  con- 

s i s t e n t l y  good weld q u a l i t y .  

2.  Machined. Removal o f   t he   a s - r ece ived   su r f ace  by an 
"undercut t ing"  machining  operat ion,   such  as   face  mil l ing 
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TABLE 5-2. DESCRIPTION OF SPOT-WELD DEFECTS  RELATED 
TO SURFACE PREPARATIONS. 

Surface  Preparation  Description  of Defects 

A .  Nonmachined 

(a) As -received 

(b) Benzene degreased 

Coarse and continuous  fusion-line 
porosity and oxide  inclusions. 

Cavernous porosity on fus ion   l ine  
and i n  w e l d .  Porosity i s  discolored 
t o  a ye l lowish   t in t .  

(c)  Chemically  cleaned  Large and fine  pores  along  fusion 
l i n e .  Oxide inclusions  in  we ld .  

(d)  Chemically  cleaned and Cavernous,  discolored  porosity on 
coated  with  s i l icone  fusion  l ine.   Fine  pores  and oxide 
grease.   inclusions  in  weld.  

(e)  Chemically  cleaned, Similar t o  (a ) .  More porosity and 
sil icone  grease  coated,  oxide  inclusions  in  weld.  
stored  over water f o r  
several  days. 

(f) Chemically  cleaned and Continuous  fusion  line  porosity and 
stored  over water for   large  e longated  pores   in  w e l d .  
several   days.  

(g)  Anodized 1 sec t o  5 min. With Increasing  anodizing  the  pqros- 
i t y  becomes  more continuous on fu-  
s i o n   l i n e .  Greater amounts of oxide 
inc lus ions   deve lop   un t i l   the   o r ig ina l  
i n t e r f ace  remains  unfused. 

(h) Anodized f o r  5 min o r  60 Almost no  fusion  across  interface. 
rnin, bo i l ed   i n  water f o r  Much large  porosi ty  on surface.  
5 min. 

B . Machined 

(a) A s  machined (a l l  types)  Nearly free of  defects.  Occasionally 
some very  f ine  pores on fus ion   l ine .  

(b)  Trichlorethylene  rinsed About: 20 large  pores on fus ion   l ine ,  
some discolored. 

(c)  Chemically  cleaned About  30 pores on fus ion   l i ne ,   l a rge  
and small. Some l a rge  area of  lack- 
of-fusion.  Occasional  oxide  inclusions. 
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Neg. N O .  32725 2 5X 

Figure 5-8. Nil defect  spot weld fracture  surface  typical of the as-machined 
surface  condition. 
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Neg. No. 33403  2 5X 

Figure 5-9. High defect  spot weld fracture surface typical of the  nonmachined 
and solvent degreased surface condition. 



ul 
I 

Q, 
w 

Figure 5-1 0. Scanning  electron  micrograph of  an 
as-machined surface. 

1 lOOx 
NOTE: NUMEROUS TEARS AND SMEARS ARE 

PRESENT ON THE SURFACE. 

Figure 5-1 1. Scanning electron micrograph of an 
as-machined surface. 



1 lOOX 

NOTE: THIS SURFACE IS SIMILAR IN APPEARANCE  TO 
THE  AS-MACHINED SURFACE. CROSS  MACHINING 
MARKS ARE DUE TO  TOOL  CHATTER. 

Figure  5-1 2. Scanning electron micrograph of a trichlorethylene-rinsed surface. 
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NOTE:  NOTICE THE  THIN RESIDUE AWAY FROM THE FUSION  LINE WHICH 
IS PROBABLY A PRODUCT OF TRICHLORETHYLENE. 

Figure 5-13. Scanning  electron  micrograph of a  spot weld fracture of 
as-machined specimen. 
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NOI'E: NOTICE TIIAT PARTlCLES ON S U R F A C E   A R E  MUCH D I F F E R E N T  
FROM OXIDE FLAKES.  

Figure 5-14. Scanning  electron  micrograph  of  chemically cleaned 
surface in region of oxide spalling. 
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Figure 5-1 5. Scale of  weld-defect potential of various  surface  preparations. 
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STANDARDIZATION  TESTS 
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( A F T E R  30 DAYS) 
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Figure 5-16.  Weld-defect potential scale for  both standardization  and  storage  effects  tests. 



(without   coolant) ,   can  produce a very l o w  d e f e c t - p o t e n t i a l  
su r f ace .  (The  as-machined  surface  should  be  superf ic ia l ly  
wiped   p r io r  t o  machining t o  remove excess  contamination.)  
This   sur face  i s  c h a r a c t e r i z e d  by the   normal   topographica l  
features  produced  by  machining  ( that  is, tears, p i t s ,  waves) 
and   na tura l ly   formed  hydra ted   ox ide   l ayer   (approximate ly  
1 0 0  A o r  less in   th ickness) .   Sur faces   machined  t o  50-200 uin.  
peak- to-peak   f in i sh   in   an   ambient  a i r  atmosphere (72O F ,  

50-60% R H )  con ta in  a t  least  0 .01 -0 .05  ug/cm2 of   water  i n  t he  
hydra ted   ox ide   sur face   l ayer .   This  level  of  contamination 
a lone   does   no t   o rd inar i ly   p roduce   s ign i f icant   weld   defec ts .  
From a p r a c t i c a l   o r   t e c h n i c a l   s t a n d p o i n t   t h e  "machined" 
sur face   condi t ion   represents   the   bes t   condi t ion   for   weld ing .  

3 .  Degreased  Surfaces .   Organic   res idues  and  debris  
are commonly removed by degreas ing   t r ea tmen t s   p r io r  t o  weld- 
ing.  However, t h e   r e s u l t s   o f   t h i s  program  have  demonstrated 
t h a t   t h e   s o l v e n t   i t s e l f  may be  adsorbed  on  the  surface  and 
create a s ign i f i can t   we ld -de fec t   po ten t i a l .   Adsorp t ion   o f  
t r i ch lo roe thy lene   on  2 0 1 4  surfaces   can  exceed 5 0 0  pg/cm2. 
Such concent ra t ions  are equ iva len t  t o  a t  least  1 0  times t h e  
threshold  hydrogen  concentration  above  which  porosity w i l l  

form.   Furthermore,   t r ichloroethylene i s  chemically  adsorbed 
and  hence  desorbs  very  slowly a t  ambient   condi t ions.  Upon 
we ld ing   t r i ch lo roe thy lene   deg reased   su r f aces ,   an   i r r eve r s ib l e  
desorp t ion   reac t ion   produces   so l id   reac t ion   products   which  
can become entrapped (as i n c l u s i o n s )   w i t h i n   t h e   s o l i d i f i e d  
weld .   Therefore ,   poros i ty   and   so l id   inc lus ions  are caused 
by   absorbed   t r ich loroe thylene .  

Exploratory work with  benzene  and  Freon-TF  indicated 

t h a t  similar damaging  adsorption  reactions  occur.   Degreasing 
wi th   t r i ch lo roe thy lene   r ep resen t s ,  a t  b e s t ,  a process  whereby 
one  type  of  organic  contaminant i s  exchanged f o r  o r  d i l u t e d  
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with  another   and  adsorbed  on  the  surface.  The weld-defect 
po ten t ia l   p roduced  by the   exchange   o r   d i lu t ion  w i l l  vary 
depending upon the  composition of the   adsorbed   spec ies   in -  
volved. The d e f e c t   p o t e n t i a l  of t r i c h l o r o e t h y l e n e   r i n s e d  
sur faces   t ends   to   worsen  as the   su r f ace   ages   du r ing   s to rage .  
The mechanism  of  degradation i s  unknown, a l though it is  
a s s o c i a t e d   w i t h   t h e   i n c r e a s e d   i n c i d e n c e   o r   o x i d e   i n c l u s i o n s  
and  microporosi ty .   These  resul ts  show t h a t   t r i c h l o r o e t h y l e n e  
degreas ing ,   p r ior   to   weld ing ,   should   be   avoided   un less  
followed  by a machine c u t t i n g   o p e r a t i o n  which  removes t h e  
con tamina ted   su r f ace .   So lven t s   o the r   t han   t r i ch lo roe thy lene  
may be more o r  less damaging  than  t r ichloroethylene;  how- 
e v e r ,  any s o l v e n t  w i l l  be  adsorbed  to some exten t   and  
ind iv idua l   eva lua t ions   a re   necessary   to   de te rmine   the  
e f f e c t s .  

4 .  Water-Rinsed  Surfaces " and ~~~ Ambient Humidity  Effects.  
Water-r inis ing  adds t o  the  water   burden  which  a l ready 
e x i s t s   i n  t h e  hydra t ed   ox ide   l aye r   o r   en t r apped   i n  
topograph ica l   de fec t s .  A t  l e a s t  0 . 1  pg/cm2 of  water  can 
be  added by r ins ing ,   however ,   na tura l   desorp t ion  i n  t h e  
ambient  atmosphere  can  cause a gradual   reduct ion  of  t h e  

concen t r a t ion .  High humidity w i l l  r e t a r d  t h e  r a t e  of 
deso rp t ion .   P ro longed   s to rage   i n   s a tu ra t ed  a i r  w i l l  l e ad  
to   subs t an t i a l   adso rp t ion   o f   wa te r ,   and   an   e s t ima ted  
1 . 0  pg/cm2 can  be  adsorbed  during a seven day s t o r a g e  
per iod .  Any added  water  burden  nautrally increases t h e  
weld-defec t   po ten t ia l   and   should ,   therefore ,   be   avoided .  
Water r in s ing   shou ld  no& be  employed as a f i n a l   p r o c e s s i n g  
s t e p   j u s t   p r i o r   t o   w e l d i n g ,  and  prolonged  ambient  tempera- 
t u r e   s t o r a g e   c a n n o t   b e   r e l i e d  upon t o  p roduce   s ign i f i can t  
su r f ace   deso rp t ion .  
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5. Chemically  Prepared  Surfaces.   Conventional  hot 
sodium hydrox ide -n i t r i c  acid chemical  "cleaning"  produces 
a su r face   wh ich   exh ib i t s   an   unusua l ly   h igh   de fec t   po ten t i a l .  
Both poros i ty   and   gross   ox ide- type   inc lus ions  are produced by 
th i s   t ype   o f   su r f ace   t r ea tmen t .  The water of   hydra t ion  w i l l  
exceed a measured 0 .7  pg/cm , a n d   t h e   s u r f a c e   i t s e l f  i s  cha- 
r a c t e r i z e d  by a r e l a t i v e l y   t h i c k  ( 1 , 0 0 0  t o  1 0 , 0 0 0  A), f r a g i l e  
complex r e f r a c t o r y   o x i d e   l a y e r .  The complex  oxide  layer i s  
eas i ly   f ragmented   and   tends   to  become en t r apped   w i th in   t he  
s o l i d i f i e d  weld o r  along  the  fusion  l ine.   Often  macroporo-  
s i t y  i s  associated wi th   the   en t rapped   ox ides ,   apparent ly  
caused by t h e  local ized d i s soc ia t ion   o f  water of   hydrat ion.  

2 

Desorption  from a chemical ly   prepared  surface i s  a two- 
s t age   p rocess  where r eve r s ib l e   wa te r   o f   hydra t ion  i s  de- 
sorbed a t   t empera tures   be low 750' F. A t  temperatures  be- 

tween 750' F and 970°  F i r r e v e r s i b l e   d e s o r p t i o n   o c c u r s ,   b u t  
the   p roducts  of desorpt ion  have  not   been  ident i f ied.   Thermal  
deso rp t ion   d id   no t   appea r   t o   improve   t he   de fec t   po ten t i a l  
s ince   t he   r e f r ac to ry   ox ide   l aye r   r ema ins   beh ind   t o   fo rm i n -  
c lus ions   o r   l ack -o f - fus ion   de fec t s .  

The obvious  conclusion  from these r e s u l t s  i s  tha t  

convent ional   sodium  hydroxide-ni t r ic   acid  surface  preparat ions 
should  not  be used   t o   p repa re  2014 and 2219  aluminum a l l o y s  
for   weld ing .   I f   used ,  the su r face   shou ld  be deoxid ized   before  
welding. 

6 .  Anodized  Surfaces .   Anodized  surface  layers   consis t  

of  porous,   hydrated,  A1203 f i l m s .  The water   of   hydrat ion 
tends t o  i n c r e a s e   i n  direct  p ropor t ion   t o   t he   f i lm   t h i ckness  
such tha t  a f t e r  a 15   second  su l fur ic   ac id   anodiz ing   t rea tment  
the   water   concent ra t ion   exceeds  0 . 7  pg/cm2; a f t e r  1 minute 
the  concentrat ion  exceeds 1 . 0  yg/cm . The weld-defect  poten- 

t i a l  of  anodized  surfaces i s  very  high.  Lack-of-fusion, 

2 
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oxide   inc lus i .ons ,   and   poros i ty  are produced by the   p re sence  
of  anodic  layers.   Complete  removal  of  anodized  surfaces i s  
e s sen t i a l   t o   ach ieve   l ow-de fec t   po ten t i a l .  

7 .  Sur faces  -. Produced by Mechanical Wire Brushinq, 
Scraping,  and  Grinding.  Surface  procedures  which employ 
ab ras ive   me thods   such   a s   g r ind ing ,   o r  wire brushing  and 
sc rap ing   canno t   be   r e l i ed  upon to   produce a minimum d e f e c t  
po ten t i a l   cond i t ion .   Su r face   con taminan t s   t end   t o  become 
imbedded o r   r e d i s t r i b u t e d   o n   t h e   s u r f a c e   r a t h e r   t h a n  removed. 
The gr inding  wheel ,   brush,  o r  s c r a p i n g   b l a d e   a l s o  become 
loaded so that   contaminants   f rom  one  surface  region are t r a n s -  
fe r red   to   another .   Contaminated   sur face   l ayers   mus t   be   cu t  
and  c leanly  excised  f rom  the  underlying material. Wire 
brushing  and  gr inding  cannot   be  expected  to   accomplish t h i s ,  

s c rap ing  i s  o n l y   p a r t i a l l y   e f f e c t i v e .  

8.  Thermally  Desorbed  Surfaces.   Surface  adsorption  of 
l iquids   and  vapors  may b e   p a r t i a l l y   r e v e r s e d  by e leva ted-  
tempera ture   desorp t ion  treatments. However, such t r ea tmen t s  
are not   en t i re ly   e f fec t ive .   Chemica l ly   adsorbed   spec ies  may 
no t   deso rb ,   i n s t ead   t hey   unde rgo   i r r eve r s ib l e   su r f ace  reac- 
t ions  which may worsen  rather  than  improve  the  weld-defect 
po ten t ia l .   This   type   o f  damaging r eac t ion   appea r s   t o   occu r  
with  NaOH-treated  and  with  t r ichloroethylene-r insed  surfaces .  
Furthermore,   thermal  desorption w i l l  n o t  remove ox ide   l aye r s  
and  can  instead  produce  thicker   oxides .   Consequent ly ,   thermal  
desorp t ion   cannot   be   cons idered   as  a g e n e r a l l y   b e n e f i c i a l  
t r ea tmen t  and  must   be  evaluated  for   each  individual  set  of 
cond i t ions .  

9 .  High-Frequency  Sparked  Surfaces.  High-frequency 
spa rk ing   can   be   e f f ec t ive ly   u sed   t o   l oca l ly   deso rb  a s u r f a c e .  
Surface  adsorbed  species  are desorbed  and  dissociated  under 

. . .  
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a high-frequency  spark  and  even  chemisorbed  species may be 

removed.  However, r e f r a c t o r y   o x i d e   l a y e r s  are n o t   e f f e c t i v e l y  
d i spe r sed   by   spa rk ing   and   t he   h igh   de fec t   po ten t i a l   due   t o  
th i s   source   o f   contaminat ion  w i l l  t end   to   remain .  High- 
f requency  sparking  a lso  produces a very   i r regular ,   spongy 
su r face   wh ich   has   ve ry   h igh   adso rp t ion   po ten t i a l .  The su r -  
face   mus t   be   p ro tec ted   f rom  vapor   and   l iqu id   exposure   o ther -  
wise even more severe contamination may r e s u l t .  

1 0 .  Surfaces  Produced  by Combined -~ Treatments .   Ordinar i ly ,  
" i__ 

- 

t he   p repa ra t ion   o f   p rec ip i t a t ion -ha rdenab le  aluminum a l l o y s  
for   weld ing   involves  many ind iv idua l   p rocess ing   s t eps .  Some 
are   planned as "cleaning"  processes ,   whereas  some are used 
f o r  other   reasons  (e .g . ,   heat- t reatment ,   adhesive  bonding,  
c o r r o s i o n   p r o t e c t i o n ,  e t c . ) .  Each p rocess   and   r e l a t ed   s to rage  
cond i t ion  w i l l  produce a d i f f e r e n t   s u r f a c e  which may possess  
improved o r   deg raded   de fec t   po ten t i a l  compared t o   t h e   p r i o r  
cond i t ion .   Gene ra l ly ,   t he   de fec t   po ten t i a l  i s  i n c r e a s e d   i n  
a  compounded manner. The complexity of s u r f a c e   r e a c t i o n s  
makes it v e r y   d i f f i c u l t ,   i f   n o t   i m p o s s i b l e ,   t o   p r e d i c t   o r  
measure   synerg is t ic   e f fec ts .  The weld-defec t   po ten t ia l  may 
be assessed by  means of   the  horizontal   spot-weld tes t .  
Undoubtedly ,   the   sa fes t   p rocedure   to  min imize  weld-defect 
p o t e n t i a l  i s  to   mechanica l ly  remove p r io r   su r f aces   u s ing   an  
"undercut t ing"   p rocess .  The low de fec t   po ten t i a l   o f   " a s -  
machined"  surfaces may thereby be achieved.  
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5.4 Composition  of  Base  Plate  and  Filler  Metal 

Another  possible  source of porosity is  some  variables 
in the  composition  of  base  plate or filler  metal.  Study  2 
conducted at Battelle  Memorial  Institute  has  revealed  that 
composition  of  base  plate  and  filler  metal  should  cause 
little  problem. C9,lO) 

Research  Procedures. The study was conducted in two 
phases.  During  the  first  phase,  an  evaluation  was  made of 
the  effects on  weld-defect  potential  of  four  factors: 

1) Shielding-gas  moisture  content 
2)  Alloying  elements 
3) Metallic  impurities 
4)  Internal  hydrogen  content. 

Two  experimental  base-metal  alloys,  X2014-T6  and  X2219-T87 
in 1/4-  and  3/4-inch-thick  plates,  and  two  experimental  filler 
wires  X4043  and  X2319  were  used.  Battelle set the  alloy 
content  at  one of two  levels,  classified  as  high  and  low. 
Alloying  elements  at  the  low  level  were  near  the  specified 
minimum  and  impurity  elements  were  almost  nonexistent. 
Battelle  prepared  38  separate  experimental  compositions. 

* 

In the  second phase, commercial-alloy  base  plates  were 
used,  and  they  were  welded  with  experimental  filler  wires. 
Figure 5-17 shows  the  range  of  compositions for twenty-one 
2014-T651  base  plates. 

In both  phases,  bead-on-plate  welds  were  made  by  the 
GTA  process  in  the  horizontal  position.  Welds  were  made in 
a  chamber,  which  had  been  vacuum-purged  and  filled  with 
helium.  With  this  set-up,  water  vapor  could  be  added  as  a 
shielding-gas  contaminant. 
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Findings. A statistical  analysis  was  employed  to  study 
the  effects of the  experimental  variables on weld  porosity. 
Battelle  investigators  concluded  that  the  base-plate  and 
filler-metal  compositions  are  not  likely  to  be  significant 
sources  of  porosity  as  long  as  (1)  shielding  gas  and  surface 
contamination  are  controlled  at  low  levels  and (2) base 
plates  and  filler  metals  are  carefully  prepared  to  meet  the 
present  specification  with  no  gross  hydrogen  contamination. 
On the  basis  of  findings,  there  is  apparently  no  reason  to 
change  the  present NASA specification fdr base-plate  and 
filler-metal  compositions. 
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nd  El iminat ing Porosity ." ~ 

I n   t h e  NASA research  program  on  welding  aluminum, 
several a t tempts  w e r e  made t o  develop  methods for c o n t r o l l i n g  
and   e l imina t ing   po ros i ty .  The fol lowing  pages  discuss:  

1. Surface  hydrogen  analysis  
2 .  Su r face   p repa ra t ion  
3 .  Moni tor ing   sh ie ld ing   gas   pur i ty  
4 .  Other  methods  including (1) use  of   hydrogen  get ters ,  

( 2 )  magnetic arc shaper  and  molten metal stirrer, 
and ( 3 )  cryogenic   cool ing.  

Surface Hvdrocren Analysis  (4,28) 

A research  program was conducted a t  the  Boeing Company 
to   de t e rmine   t he   l eve l  of hydrogen  contamination of t h e  
metal su r face .  

Background.  The spec i f i c   p rob lem  p rompt ing   t h i s   i nves -  
t i g a t i o n  i s  t h e   p o r o s i t y   f o u n d   i n   t h e   h o r i z o n t a l  weld made 
when jo in ing  two sec t ions   o f  the 33 f t  diameter   Saturn  Booster  
(Figures 5-18 and  5-19). The t o o l i n g   s e t u p  i s  shown i n  

Figures  5-18 and  5-19; t h e  t i m e  r e q u i r e d   i n   j i g g i n g  up t h e  
e n t i r e   p a r t  i s  abou t   e igh t   hour s .  The t w o  p a r t s  are he ld  by 
Hawthorn  clamps pos i t ioned   every  s i x  i n c h e s   a l o n g   t h e   j o i n t .  
Most of t h e  t i m e  i s  spent   p lac ing   and   ad jus t ing   these   c lamps .  
This   cu t  was a t  f i r s t  a s l o t   b u t   t h e n   a l t e r e d  by t a p e r i n g   t h e  
edges  to   prevent   entrapment   of   contaminat ion.  When the  clamps 
are ad jus t ed  t o  r e d u c e   t h e   m i s f i t   t o  a minimum, a t a c k  weld 

i s  made between  each  clamp  one a f t e r   t h e   o t h e r  as  th?  clamps 
are removed. A f t e r  a l l  the  clamps  have  been  removed,  the 
j o i n t  i s  welded i n  one   con t inuous   pas s ,   i f   poss ib l e ,   cove r ing  
a l l  t h e   t a c k s   a n d   t h e   g a p s   l e f t  by t h e   c l a m p   s l o t s .  Some 
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Figure 5-1 8. Welding head  and local tooling clamps  in position for making horizontal weld in  160 inch diameter tank. 
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Figure 5-19. Two pieces of 1/2  inch  aluminum plate aligned for welding using local tooling  clamp. 



welds showed cons ide rab le   po ros i ty ,  some of  which  appears  to 
be   a s soc ia t ed   w i th   t he   c l amp   s lo t   l oca t ion .  

Test welds made a t  NASA did   no t   p roduce   poros i ty  when 
t h e  same m a t e r i a l s  w e r e  used.  These test welds w e r e  prepared 
i n   t h e  same way wi th   the   except ion  of clamp s l o t s ,   t a c k   w e l d s ,  
m i s f i t ,  and  the  lengthy  handling  and metal-to-metal rubbing 
a t   t h e   j o i n t .  Thus the   conclus ion  was reached   tha t   c lamp 
slots, t a c k s ,   j o i n t  m i s f i t  and metal movement c o n t r i b u t e   t o  
the   observed   poros i ty .  

The s igni f icant   d i f fe rences   be tween  the   Sa turn   welds  , 

e x h i b i t i n g   p o r o s i t y   a n d   t h e  t es t  w e l d   a r e :   F i r s t ,   t h e   l a r g e  
amount’of  handling  of  the  surface i n  preparing  Saturn  weld- 
ments.  Second,  tack  welds  are known t o  produce  surface  con- 
t amina t ion   t ha t   can   l ead   t o   po ros i ty .   Th i rd ,   cons ide rab le  
rubbing  and  abrading  of   faying  surfaces   occurred  during  set-up.  

These   cond i t ions   r e su l t   i n   chemica l   changes   i n   t he   su r -  
f ace ,   changes   t ha t   cou ld   i nvo lve   hydrogen   and ,   t he re fo re ,  
could  produce  porosi ty .  Even though  white  gloves are worn,  
t h e  t i m e  per iod  i s  long  enough fo r   s eve re   con tamina t ion   t o  
occur .  Tack welds  could r e s u l t  i n  porosi ty   forming a s u r f a c e  
depos i t .  Whenever  two  aluminum surfaces  are  rubbed  enough 
t o   c a u s e   g a l l i n g ,  t h e  new metal   exposed  can  react  with  water 
p r e s e n t   i n  t h e  a i r .   I f   s u f f i c i e n t   m o i s t u r e  i s  p r e s e n t ,   t h e  
ga l l ed   me ta l  can be  pockets  of  high  hydrogen  concentration 
and thus   l ead   to   poros i ty   dur ing   weld ings .   These   cons idera-  
t i o n s   l e d  t o  a series of tests u t i l i z i n g   t h e  measurement  of 
surface  hydrogen. 

Operation ~- of  Analyzer. The s u r f a c e   a n a l y s i s  was c a r r i e d  
ou t   u s ing  a very   sens i t ive   hydrogen   de tec tor   recent ly   deve l -  
oped by Das and  Strobelt  under  Boeing  funded R & D program. 
The ins t rument  is capable   o f   de tec t ing   bu lk  as w e l l  a s   s u r -  
face hydrogen i n   m e t a l s  and  has a d e t e c t i o n   s e n s i t i v i t y  of 
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as l o w  as f e w  p a r t s   p e r   b i l l i o n   i n  a gas  stream. Besides 
having a h i g h   s e n s i t i v i t y   t h i s   i n s t r u m e n t  is unique from t h e  
p o i n t  of view o f   s i m p l i c i t y  of handling  and l o w  cost i n v e s t -  
ment. It i s  simple  enough t o  be  used fo r  an  on-l ine o r  i n -  
process   inspec t ion   on  a continuous basis i n  a manufacturing 
ope ra t ion ,  o r  used   fo r   de f in ing   p rocedures   fo r  a s p e c i f i c  
manufacturing  process.  

A schematic of t h e  surface hydrogen  analyzer i s  shown 
i n   F i g u r e  5-20.  The p l a t e   unde r  test  i s  f a s t ened   s ecu re ly  
on a spark  chamber  and  sealed by means of an ' '0" r ing .   Th i s  
appara tus  i s  shown i n   F i g u r e  5-21. The spark  used t o  e x t r a c t  
hydrogen i s  l o w  energy,  supplied  by a h igh   vo l tage ,   h igh  
impedance d i r e c t   c u r r e n t  power supply.  The energy  suppl ied 
(z. 5 wat ts)  i s  n o t  enough t o  vapor ize  a measurable amount 

of metal. The hydrogen   thus   l ibera ted  i s  d i r e c t e d  t o  an 
ac t iva t ed   pa l l ad ium  ba r r i e r   unde r  a pos i t i ve   p re s su re   o f   h igh  
pur i ty   a rgon  (carrier g a s ) .  The p a l l a d i u m   b a r r i e r  le ts  only  
hydrogen  permeate  through it  while  being  impermeable  to  argon. 
On t h e   o t h e r   s i d e   o f   t h e   b a r r i e r  i s  an   ion  pump. Thus, t h e  

pa l l ad ium  ba r r i e r   has  a high vacuum on  one   s ide   o f  it and  one 
a tmosphere   p ressure   on   the   o ther   s ide .  The vacuum i n   t h e   i o n  
pump chamber i s  measured by the   cu r ren t   t h rough   t he  pump and 
i s  recorded  on a s t r i p   c h a r t   r e c o r d e r .  Once t h e  pump has 
reached i t s  base  vacuum any diffusion  of   hydrogen  through  the 
p a l l a d i u m   b a r r i e r  w i l l  r e s u l t  i n   a n   i n c r e a s e   i n   c u r r e n t .  The 
c u r r e n t   t h r o u g h   t h e  pump i s  d i r e c t l y   p r o p o r t i o n a l  t o  t h e  
p re s su re ,   wh ich   e s t ab l i shes  a r e l a t ionsh ip   be tween   t he  amount 
of  hydrogen i n   t h e   g a s  stream and  the pump cu r ren t .   Th i s  
makes i t  p o s s i b l e  t o  e s t i m a t e   t h e  amount  of  hydrogen i n  a 
ga.s stream  from  an unknown source.  

C a l i b r a t i o n  i s  performed  by  using  an  e lectrolysis  ce l l  
t o  genera te  known amounts  of  hydrogen. The e l e c t r o l y t e  
used i s  a s a t u r a t e d   s o l u t i o n  of potassium  hydroxide. The 
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Figure 5-2 1 .  Spark chamber for surface hydrogen analysis. 
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hydrogen  thus  generated i s  mixed  with  pure  argon  and  directed 
towards   t he   pa l l ad ium  fo i l .  A carrier gas  flow  of 1 0 0  cc/min. 
w a s  used  throughout   these tests. The temperature   of   the  
p a l l a d i u m   f o i l  i s  maintained a t  about  560° C fo r   adequa te  
diffusion  of   hydrogen  through  the f o i l .  By v a r y i n g   t h e   c u r r e n t  
i n   t h e   e l e c t r o l y s i s  ce l l  the   response  of t h e  i o n  pump can be 
c a l i b r a t e d .  76.5 par t s   per   mi l l ion   o f   hydrogen  are c a r r i e d  
t h r o u g h   i n   t h e   g a s  stream a t  a flow of 1 0 0  cc/min. per   d .c .  
mil l iampere  through  the ce l l .  Once t h e   d e t e c t o r  i s  c a l i b r a t e d  
i n   t h i s  manner, it i s  a simple matter t o  estimate q u a n t i t a t i v e  
amounts  of  hydrogen i n   t h e   g a s  stream from  an unknown source.  

Figure 5-22  shows t h e   c a l i b r a t i o n   c u r v e   f o r   t h e   d e t e c t o r  
as obtained  under   the  condi t ions  given  below: 

Total   f low rate (50  cc /min .   th rough  the   e lec t ro ly t ic  
cel l  and 50 cc/min.  through  the  spark  chamber)  of  argon = 

1 0 0  cc/min. Pal ladium  disc   temperature  -- 560° C. 

The ca l ib ra t ion   cu rve  shows the   de t ec to r   r e sponse  i n  
microamperes a s  a func t ion  of hydrogen  concentration of ppm 
i n  t h e  ca r r i e r   gas   s t r eam  a s   gene ra t ed  by t h e   e l e c t r o l y s i s  
cel l .  I t  is  observed  that   below 20 ppm of hydrogen  concen- 
t r a t i o n   i n   t h e   g a s   s t r e a m  t h e  cu rve   dev ia t e s   s l i gh t ly   f rom 
l i n e a r i t y .  Th i s  i s  because t h e  e f f i c i e n c y   o f  t h e  ion  pump 
f o r  hydrogen a t  such low concent ra t ion  levels i s  reduced. 
S ince  t h e  d a t a   i n   t h e  ent i re  ca l ib ra t ion   r ange  i s  q u i t e  
r e p e a t a b l e ,   t h e   n o n - l i n e a r i t y   d o e s   n o t   a f f e c t   t h e  surface 
hydrogen  analysis .  

Once t h e   c a l i b r a t i o n  of t h e   d e t e c t o r  i s  performed, 
extreme care i s  exe rc i sed   t o   ma in ta in   t he  same cond i t ions  
of  palladium  disc  temperature  and  argon  gas f l o w  t o  i n s u r e  
c o n s i s t e n t   r e s u l t s .  When s u r f a c e   a n a l y s i s  i s  c a r r i e d   o u t ,  
it i s  necessary t o  have a constant  background  of . 05  ma 
t h r o u g h   t h e   e l e c t r o l y t i c  ce l l  ( 4  ppm) t o   m a i n t a i n   d e t e c t o r  
s e n s i t i v i t y .  Argon i s  supplied  from a b o t t l e  of   high  puri ty  
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l i qu id   a rgon .   S ince   t he   t empera tu re   o f   l i qu id   a rgon  i s  -193' C 

there is very l i t t l e  w a t e r   p r e s e n t ,   s i g n i f i c a n t l y ,  less than  
one   pa r t   pe r   mi l l i on .  All surface  measurements were made on 
ba re  7075-T6 aluminum al loy  samples   prepared by vapor  degreasing 
and   a lka l ine   c leaning .  

Figure 5-23 shows a t y p i c a l   r e s u l t .   W i t h i n  a few seconds 
a f t e r   t u r n i n g  on t h e  power t o  the   spa rk   sou rce ,   an  i n i t i a l  
peak i s  noted .   Af te r   about  3 t o  5 minutes  of  continuous  arcing 
t h e   c u r v e   b e g i n s   t o   f a l l   o f f .   W i t h i n  30 minutes it reaches a 
cons t an t  level and fu r the r   a r c ing   p roduces  no change i n   t h e  
curve.  I t  i s  be l i eved   t ha t   t he   i n i t i a l   h igh   hydrogen   peak  i s  
due t o  surface  contaminat ion.  The p o r t i o n  of t h e   c u r v e   a f t e r  
the   peak   should   then   be   representa t ive  of a c l e a n   s u r f a c e .  
When t h e  power i s  s h u t   o f f ,   t h e   s i g n a l  level i s  obse rved   t o  
drop  back  to   the  or iginal   background level. I f   t h e  power i s  
subsequent ly   turned  on,  no l a r g e   i n i t i a l   i n c r e a s e  i n  t h e  hy- 
drogen level w a s  o b s e r v e d ,   t h e r e b y   f u r t h e r   i n d i c a t i n g   t h a t  
surface  contaminat ion was  removed  by the i n i t i a l  power a p p l i -  
c a t i o n .  It i s  f u r t h e r   o b s e r v e d   t h a t   t h e   s i g n a l  level a f t e r  
the  peak i s  considerably  higher  than  the  background level.  
Th i s   sugges t s   t ha t  some hydrogen i s  be ing   ex t rac ted   f rom  the  
i n t e r i o r  of   the  metal .  The difference  between  the  peak  current  
and t h e  c u r r e n t   a t  30 minutes ( A I )  is  used  as  a f i rs t  approxi- 
mat ion  of   the  surface  hydrogen  detected.  A more exac t   va lue  
would  be  obrained  f rom  the  increase  in   area  under   the curve, 
measured  on a c leaned   sur face .  

The value  of AI for cleaned aluminum  was found t o  be 
9 3  k 32. T h i s  i s  an  average of 15 measurements  on s e p a r a t e  
p i eces  of t h e  same al loy.   Al though  a l l   samples  were cleaned 
t h e  same way a t  one t i m e ,  t h e r e  was a v a r i a t i o n  i n  the  observed 
va lue  of A I  from  one  sample t o  the   nex t .   Th i s   va r i a t ion   cou ld  
be  due t o  the  complex  re la t ionship  between  adsorbed water and 
oxide   f i lm.  
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A l l  measurements were s t a r t e d   w i t h i n  one  minute after 
the test sample w a s  mounted on the spark chamber  and  argon 
f low  ad jus ted .  This was done t o   p r e v e n t  a change i n   s u r f a c e  
due t o   t h e   e f f e c t  of dry  argon  found t o   o c c u r  af ter  30 minutes 

of  exposureo 

Surface  Measurements.  Figure 5-24 shows the d e t e c t o r  
response  of  an  aluminum  plate w i t h  adsorbed water, The plate 
was f l o o d e d   w i t h   d i s t i l l e d  water and a i r  d r i e d   u n t i l  the 
v i s i b l e  traces of water disappeared.   This  was accomplished 
in about  9 0  seconds. When the p l a t e  was allowed t o  d r y   f o r  
longer   per iods  of  time t h e   v a l u e  of AT d r o p s   t o  that  obta ined  
w i t h  an   un t r ea t ed   p l a t e .  The AI v a l u e   f o r  the u n t r e a t e d   p l a t e  
was 155 while after d r y i n g   i n  a i r  f o r  1, 1.5,   and 3 hours   the  

va lues  were 85, 60, and 170 respec t ive ly   (equal   wl th in   exper i -  
m e n t a l   e r r o r ) .  

T h i s  series of   measurements   demonstrates   the  re la t ive 
speed a t  which w e t  aluminum dries and  reaches  equi l ibr ium 
wi th  m o i s t u r e   i n   t h e  a i r ,  The atmosphere  of the  l abora to ry  

i n  which these measurements were made i s  c o n t r o l l e d   t o  50% 
re l a t ive   humid i ty   and  21" C temperature ,  

S ince   sc rap ing  t h e  s u r f a c e  i s  a common method  used i n  
p repa ra t ion   fo r   we ld ing ,  it is  necessary   to   measure   the  
amount  of su r f ace  water be fo re  and after scrap ing .  The re- 
s u l t s  of three d i f f e r e n t   p l a t e s  showed  no difference  between 
scraped  and  unscraped  surface  hydrogen  levels.  The AI va lues  
were 119 and 135, 59 and 105, 9 0  and 73 r ep resen t ing   be fo re  
and a f t e r   s c r a p i n g   r e s p e c t i v e l y ,  These are a l l  wi th in   expe r i -  
menta l   e r ror   o f  the same va lue .  

These two experiments  demonstrate the r a p i d i t y   w i t h  
which water adsorbed  on aluminum reaches equ i l ib r ium w i t h  
water i n  the atmosphere. These va lues   could  be a f f e c t e d   t o  
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Figure 5-24. Hydrogen  resulting  from  surface  water. 
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I .  

a l i m i t e d   e x t e n t  by changes in   humidi ty ,   however ,  it appears 
t ha t   adso rbed  water i s  not  a p o t e n t i a l l y  severe problem. 

Tack Welds As a Source of Surface  Contamination __ ". ___ .~ .... . 

Tack welds were prepared  using a hand  he ld   to rch   wi th  
he l ium  sh ie ld   gas .  The measurements were made 4.5  minutes 
a f t e r  welding. The fol lowing AI values  w e r e  obtained:  

A l t e r n a t i n g   c u r r e n t   w i t h   f i l l e r  w i r e  -- 195  ua 
Direct c u r r e n t   w i t h  filler w i r e  " 65 ua 
Direct c u r r e n t   w i t h o u t   f i l l e r  w i r e  -- 80 ua 
Direct r e p e a t  " 85 ua 

The A I  value  of   195  for   an a.c. tack   weld   represents  a 
contamination leve l  above tha t   found   fo r   an   un t r ea t ed   su r f ace .  
However, the o t h e r   t h r e e   v a l u e s  do no t   r ep resen t   an   i nc rease  
in   contaminat ion .  The f a c t   t h a t   t h e   o n e   t a c k   w e l d  showed a 

s l i g h t   i n c r e a s e   i n   c o n t a m i n a t i o n   s u g g e s t s  a possible   problem 
but   perhaps   no t  a ser ious   one   under   the   condi t ions  of t h e s e  
tests. Other   condi t ions may produce  problems  but  would 
requi re   cons iderably  more experimentat ion t o  determine i f  a 
problem  does  exis t .  

Handling A s  a Source  of  Surface  Contamination. With t h e  
sur face   hydrogen   de tec tor ,  it i s  poss ib le   to   measure   smal l  
amounts  of  hydrogen o r  hydrogen  containing material such as 
o i l  and grease   depos i ted  as a r e s u l t   o f   h a n d l i n g .   I n   t h i s  
series of  experiments,   measurements  of  surface  contamination 
were made o f   f i n g e r   p r i n t s ,   c l e a n   g l o v e   p r i n t s ,   a n d   u s e d  
g l o v e   p r i n t s .  

F i n g e r   p r i n t s  made by t w o  d i f f e r e n t  subjects w e r e  
measured  with  the  following results: 

Subjec t  A A I  = 1455 ua 
Subjec t  A,  r e p e a t  A I  = 1570  ua 
Sub jec t  B A I  = 975 ua 
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The hands of s u b j e c t  A were r e l a t i v e l y   c l e a n   a n d   d r y ,  a normal 
cond i t ion ,   wh i l e   t he   hands   o f   sub jec t  B were washed  with a 
d e t e r g e n t ,   r i n s e d   t h o r o u g h l y   w i t h   d i s t i l l e d  water, and   d r i ed  
wi th  a c l e a n  t o w e l  b e f o r e  making t h e   f i n g e r   p r i n t .  

S ince   the   normal   p rocedure   for   shop  work i s  t o  use   whi te  
co t ton   g loves  when handl ing material f o r  c r i t i ca l  welds ,   sur-  
face  contamination  measurements w e r e  made o f   f i n g e r   p r i n t s  
us ing   whi te   co t ton   g loves .  The f i n g e r p r i n t s  were made wi th  
new c lean   g loves   and   g loves   tha t   had   been  worn f o r   v a r i o u s  
lengths   of  t i m e .  These tests were made by   sub jec t  B: 

New, c l ean   g loves ,   pa i r  A A I  = 2 0 0  ua 
a n o t h e r   p a i r  new g loves ,   pa i r  B A I  = 335 ua 
glove worn f o r   0 . 5   h o u r s ,   p a i r  C A I  = 360 ua 
glove worn f o r  1 . 0  h o u r s ,   p a i r  A A I  = 455 ua 
glove worn f o r  1 . 5  h o u r s ,   p a i r  B A I  = 435 ua 
glove worn f o r  2 . 0  h o u r s ,   p a i r  B A I  = 4 2 0  ua 
undetermined t i m e ,  p a i r  D A I  = 425 ua 

These  gloves were worn in   the  laboratory  under   normal   working 
condi t ions :  no e f f o r t  w a s  made t o  e i t h e r   k e e p  them e s p e c i a l l y  
c l e a n   o r  t o  contaminate them wi th   g rease  o r  o i l .  These  data 
c l e a r l y  show that   contaminat ion  cannot  be avoided  even  through 
the   use   o f   whi te   co t ton   g loves .  While cot ton  gloves  reduce 
t h e  l eve l  of  Contamination  by a s u b s t a n t i a l  amount,  the  conta- 
mination level  resu l t ing   f rom  even  new g loves   i nd ica t e s  a 
severe p o t e n t i a l  f o r  p o r o s i t y   i f   t h e   f a y i n g   s u r f a c e   h a s   b e e n  
touched. Our welding  foreman  s ta ted  that   perhaps w e  would 
have  cleaner  welds i f   w h i t e   g l o v e s  were not   used.  Then t h e  
mechanics   would   rea l ize   tha t   they  were p o s i t i v e l y   n o t  t o  
t o u c h   t h e   j o i n t s .  

U s e  o f   Freon   to  Remove ~. Contamination.  Since  the most - . " " .  

l i k e l y   s o u r c e  of surface  hydrogen  appears t o  be organic  
ra ther   than   absorbed  water, a cleaning  method  involving a 
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so lven t   r i n se   migh t  be i n   o r d e r .  A l i k e l y   c h o i c e   f o r   s o l v e n t  
i s  "Freon"  113 (C,C13F3) s i n c e  it does  not  contain  hydrogen 
and i s  a good g e n e r a l   s o l v e n t .   I n   o r d e r   t o   d e m o n s t r a t e   t h a t  
no problem  would be encountered  in   using  "Freori '113,   several  
measurements were made of   the  contaminat ion  remaining  af ter  
use .   "Freon"   used   for   th i s  series of tests h a d   b e e n   d i s t i l l e d  
t o  ensure  no  hydrocarbon  contamination. The test  sample w a s  
f looded  with  "Freon" as might  be  done i n  washing a p a r t   i n  
p repa ra t ion   fo r   we ld ing .  The "Freon" w a s  not,  however,  wiped 
on a s  i s  sometimes  done s ince   contaminat ion  i s  n o t  as e a s i l y  
removed  by t h i s  method. Two measurements of A I  a f t e r  washing 
with  "Freon" 1 1 3  gave  values  of 35 and 6 0 ,  exper imenta l ly  
e q u a l   t o   t h e   v a l u e   o f  A I  before   t rea tment .  

"Freon"  113  prepared by d i s t i l l a t i o n  i n  t h e  same  way, 
w a s  used t o  wash weld   jo in ts   (descr ibed   be low)   pr ior   to  
welding. I n  o r d e r   t o   p r o p e r l y  wash t h e   j o i n t  a polyethylene 
squeeze   bo t t l e  w a s  used t o   d i r e c t   t h e  stream of  "Freon1' i n t o  
t h e  w e l d  j o i n t .   A f t e r   t h e   b o t t l e  was i n   u s e   f o r   a b o u t  a week 
the   sur face   contaminat ion  was again  checked.  This t i m e  a A I  

value  of 3735  ua  was  found i n d i c a t i n g  a severely  contaminated 
su r face .  I t  w a s  appa ren t   t ha t   t he   "F reon"  had become conta- 
minated  from the polyethylene  bot t le   even  though  the bo t t le  
w a s  new. To check t h i s   c o n c l u s i o n  t h e  b o t t l e  w a s  r i n s e d  
s e v e r a l  times w i t h  "Freon"  then l e t  s t and   fo r   abou t  4 days.  
This  "Freon" was compared t o   t h e   o r i g i n a l   " F r e o n "   w i t h  a 
Beckman I R - 1 2  in f ra red   spec t rophotometer .  The o r i g i n a l  
"Freon"  contained no hydrocarbons  while   that  stored i n   t h e  
polyethylene  bot t le   contained  154 ppm. These   da ta   c lear ly  
demonst ra te   the   need   for   carefu l   handl ing   of   "Freon"   o r   any  
o t h e r   s o l v e n t   f o r   t h i s   u s e .  A metal con ta ine r   w i th  no o rgan ic  
p a r t s  would be requi red   to   p revent   contaminat ion  of t h i s   n a t u r e .  
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S i g n i f i c a n c e  of 'AX Values. T t  i s  p o s s i b l e  t o  make an 
estimate of t h e  amount of hydrogen  from  the  observed  value 
of A I .  The area   under   the   curve  i s  r e l a t e d   t o  t o t a l  amount 
of  hydrogen  removed  from t h e   s u r f a c e  by the   fo l lowing  
equat ions  : 

i t  E - x  
2 96,500 = 

x 22,400 = v 2 

The a rea   o f  a t r iangular   peak  i s  i t / 2  and  has the u n i t s  of 
coulombs when i i s  i n  amperes  and t i n   s e c o n d s .  Coulombs 
div ided  by 9 6 , 5 0 0  and   mu l t ip l i ed  by equiva len t   weight  
(1.00 fo r   hydrogen)   g ives   we igh t   i n  grams of m a t e r i a l .  When 
t h i s  i s  m u l t l p l i e d  by E ,  e f f i c i e n c y  of the pump and  palladium 
f o i l  ( 1 0 0  i n  t h i s   expe r imen t )  the weight of hydrogen  present 
i n  t he   gas  stream a t  any   one   ins tan t  i s  obtained.   Dividing 
the weight  by the  molecular  weight (2,OO for  hydrogen)  and 
22,400 t h e  volume of hydrogen i n   c u b i c   c e n t i m e t e r s   a t   s t a n d a r d  
temperature   and  pressure i s  obta ined .  For a AI value  of 1 0 0 0  
t h i s   c a l c u l a t i o n   g i v e s  1.4 cc. This   va lue  of 1.4 cc depends 
on the shape of' the   current- t ime  curve  and  could be much 
l a r g e r   f o r   t h e  same value  of  A I .  

I n  a l i k e  manner t h e  amount  of  hydrogen  deposited  from 
a s i n g l e   f i n g e r p r i n t  wh i l e  wearing a new co t ton   g love  i s  
0.4 cc. This i s  pure  hydrogen: i f  it were d i s t r i b u t e d  
through  one l i t e r ,  it would be 400 ppm. This c a l c u l a t i o n  
c l e a r l y  shows t h a t  any  type of handl ing  of  t h e  weld  metal 
whether  gloves are worn o r   n o t ,  w i l l  produce  enough  conta- 
m i n a t i o n   t o   r e s u l t   i n   w e l d   p o r o s i t y .  

Cleaning. The r e s u l t s  of we ld ing   a f t e r   c l ean ing  dramati- 
ca l ly   demonst ra tes   the  role of sur face   contaminat ion   in   poro-  
si ty  formation  and  ease  of  removal by the proper   use  of  
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s o l v e n t s .  Welds were handled   and   then   c leaned ,   wi th   poros i ty  
o c c u r r i n g   i n   o n l y   o n e   o f   t h e  six welds.   This   handl ing  process  
wi thou t   c l ean ing   r e su l t ed   i n   measu rab le   po ros i ty .  The welds 
made a f t e r   c l e a n i n g   b u t   n o t   h a n d l i n g   h e l p   s u b s t a n e i a t e   t h e  
correlat ion  between  surface  hydrogen  measurements   and  poro-  
s i t y .  Only two welds  of  ten showed p o r o s i t y   a f t e r   t r e a t m e n t  
with  the  "Freon".   Certain  welds  w e r e  excluded f r o m  considera-  
t ion   because  a l l  w e r e  cleaned  with  "Freon"  113  contaminated 
wi th  unknown amounts of hydrocarbons  from  the  polyethylene 
b o t t l e .  N o  s ta tements   can be made abou t   t he   co r re l a t ion   o f  
po ros i ty   and   va r ious   f ac to r s  when t h i s   o v e r - r i d i n g   f a c t o r  is 
uncont ro l led .  It  w a s  demonstrated  that  "Freon" picked up 
hydro-carbons  from  polyethylene  but no metal con ta ine r  w a s  
a v a i l a b l e  so polyethylene w a s  used  with a r i n s e   p r i o r   t o  
c leaning .   Polye thylene   conta iners  do no t   appea r   t o  be ade- 
qua te .   Neve r the l e s s ,   t he   f ac t   t ha t   f i ve   we lds  of s i x  showed 
no p o r o s i t y   a f t e r   c l e a n i n g ,  when they w e r e  t r e a t e d   i n  a 
manner tha t   p roduced   poros i ty ,   demonst ra tes   tha t   poros i ty  of 
t h i s   n a t u r e   c a n  be avoided.  These  conclusions  are summarized 
i n  t h i s  table. 

Summary of  Porosity v s  Sur face  Hydrogen 

Surface  Condition AI, ua ( + 3 2 )  Po ros i ty  

Untreated 9 3  - 
Scraped 1 0 4  N o  p o r o s i t y  
Tack weld 77 N o  p o r o s i t y  
Handling  with  gloves 376 Measurable   porosi ty  
Hydrocarbon  contamination 3735 S i g n i f i c a n t   p o r o s i t y  

The r e l a t i o n s h i p  of po ros i ty   and   t he   su r f ace   con tamina t ion  
index,  AI, can be seen.  Scraped  and  tack  welded  surfaces show 
t h e  same level  of contamination  and no po ros i ty ,   wh i l e   su r f ace  
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contaminat ion   and   poros i ty   bo th   increase  when the s u r f a c e  i s  
touched  with  gloved  hand.   This   demonstrates   that   the   surface 
contamination  index, A I ,  can  be  used t o  p r e d i c t   p o r o s i t y .  

Ana ly t i ca l   t echn iques  for  ana lyz ing   sur face   contaminants  
were previously  conducted a t  I I T R I .  (20)  Three  techniques were 
found t o  be effective in   detect ing  hydrogen  contaminants .  The 
f i r s t  one was gas  chromatography. It i s  a r e a d i l y   c a l i b r a t a b l e  
method  which  could  measure  adsorbed  surface  contaminants. It  

d o e s   n o t   r e a d i l y   l e n d   i t s e l f  t o  manufac tur ing   appl ica t ions  
since the  instrumentat ion  and  sampling  techniques are q u i t e  
complex. 

The second  technique   involves   rad ioac t ive  tracers. This  

method i s  capable   o f   revea l ing  the complete  adsorption/desorp- 
t i o n   c y c l e   w i t h  minimum d i s tu rbance   o f   t he   su r f ace   be ing  
measured. The r a d i o a c t i v e   t r a c e r  method,  however, i s  mainly 
a r e s e a r c h   t o o l .  

The t h i r d  technique was spark  emission  spectroscopy. I t  

e s s e n t i a l l y   h e a t s ,   d e s o r b s ,   d i s s o c i a t e s ,   a n d   e x c i t e s   c e r t a i n  
s p e c i e s  which e x i s t  on t h e  su r face .  The method  of  measurement 
invo lves   t he   quan t i t a t ive   de t e rmina t ion  of r e l a t i v e   f i l m  
dens i t ies   p roduced   by   exposure   to   spark   exc i ted   spec t ra .   This  
spark  emission  method of s u r f a c e   a n a l y s i s   a p p e a r s   t o   r a t e  
s u r f a c e s  i n  accordance  with their  r e l a t i v e  hydrogen- 
contaminat ion  levels .  

Sur face   Prepara t ion  ( 2 0 )  

A s tudy was conducted a t  I I T R I  t o   deve lop  new techniques.  

Phase I: Conceptua l   s tudy   to   eva lua te   and  select  
surface  preparat ion  techniques  and  systems.  

Phase 11: Des ign   and   fabr ica t ion   s tudy   to   deve lop   and  
f a b r i c a t e  a p ro to type   dev ice   fo r  weld s u r f a c e  

p repa ra t ion  of  aluminum  components. 
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Phase 111: Evaluation  study  to  provide  an  empirical 
evaluation  of  surfaces  prepared  with  the 
prototype  device. 

The  basic  concept  for  the  system  was  to  remove  contaminated 
surface  layers  from  weld  surfaces  and  completed  parts.  There- 
fore,  all  parts  must  be  final,  machined  with  reasonably  smooth 
surfaces  prior  to  the  surface  preparation  operation. A number 
of  requirements  were  developed  for  the  surface  preparation 

as  follows: 

Surfaces  must  include  the  abutting  edges of the 
weld  grooves  and 25.4  mm (1 in)  widths on the 
adjoining  surf  aces. 
Weld  edges  must  be  on  cylinders  (longitudinal  and 
circumferential  surfaces)  and  on  elliptical  and 
hemispherical  domes:  welds  must  be in  vertical, 
horizontal,  and  inclined  curved  positions  and  in 
combinations  of  these  positions. 
Groove  geometry  must  include  all  standard  configura- 
tions  including  square  grooves,  single  V-grooves, 
double  V-grooves,  and  single  U-grooves. 
Depth  of  metal  removal  will  be  a  minimum  of 
0.127 mm (0 .005  in). 
The  finished  surface  roughness  will  be  a  maximum 
of 5.08 pm (200 pin)  and  have  a  minimum of smeared 
metal. 
Thicknesses  of  the  aluminum  material  should  be in 
the  range of 2.54 mm (0 .lo0 in)  to 25.4 mm (1.00 in) . 
No lubricants  nor  any  manual  work  will  be  permitted. 
Other  geometrical  characteristics  will  be  those  that 
permit  the  best  welding  practices,  that is, minimum 
waviness  of  edge;  absence  of.  burrs;  no  burning, no 
discoloration or contamination of surfaces;  and  no 
gouges,  grooves,  nicks,  or  undercuts. 

5- 69 



Two techniques  w e r e  i n v e s t i g a t e d   f o r   p r e p a r i n g  aluminum 
weld  surfaces:   mechanical   c leaning  and electric d ischarge  
cleaning.  Primary  emphasis w a s  on   mechanica l   c leaning ,   s ince  
t h e   e f f e c t i v e n e s s   o f   t h i s  method w a s  e s t a b l i s h e d  i n  a previous 
NASA program  discussed  in   Chapter  5.3. 

Electrical d ischarge   c leaning  w a s  eva lua ted  as a supple- 
mentary  method t o  be used   on ly   i f   the   mechanica l ly   c leaned  
s u r f a c e s  were acc identa l ly   contaminated  Qr exposed t o  a humid 
atmosphere  for  a cons ide rab le  t i m e  a f t e r   c l e a n i n g .  Under t h e s e  
cond i t ions  a second  mechanical   preparat ion  s tep  might   not   be  
permiss ib le   because   o f   d imens iona l   to le rance  limits ( f o r  
example, minimum t h i c k n e s s   o r   g a p ) :   c o n s e q u e n t l y ,   a n   e l e c t r i c a l  
d i scha rge   deso rp t ion   t r ea tmen t   cou ld  be advantageous  for  re- 
s t o r i n g   t h e   s u r f a c e .   I f   e f f e c t i v e ,   t h e   e l e c t r i c a l   d i s c h a r g e  
desorption  treatment  would employ e i t h e r   t h e  same  power supply 
and   to rch   used   for   weld ing ,   o r   an   auxi l ia ry  power supply  and 
e lec t rode   sys tem  would   be   used   to   ach ieve   the   p roper   e lec t r ic  
d i scha rge   cond i t ions .  

Mechanical  Cleaning. A p rac t i ca l   sys t em  fo r   p repa r ing  
the   weld ing   sur faces   o f  aluminum components was developed  and 
demonstrated. The sys tem  cons is t s   o f   d ry   mi l l ing   the   abut t ing  
edges  and  adjacent   surfaces   of  aluminum t o  remove  contaminated 
surface  layers   and  expose a f r e sh   su r f ace   w i th  a low d e f e c t  
p o t e n t i a l .  A pro to type   device  was des igned   and   f ab r i ca t ed   t o  
demonst ra te   the   feas ib i l i ty   o f   the   sys tem.  

The pro to type   device  is des igned   t o   s t r add le   t he   edge   t ha t  
i s  be ing   p repa red   and   t o   a l i gn   w i th   t he   ex i s t ing   edge   and   ad -  
j a c e n t   s u r f a c e s  of t h e  component.  Depth  of c u t  i s  r egu la t ed  
from  the  exis t ing  surfaces .   Therefore ,   reasonably  smooth 
ex i s t ing   su r f aces   and  a uniform  thickness  are r e q u i r e d  on t h e  
component t h a t  i s  being  prepared.  
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The device  i s  equipped  with  an electric d r i v e   u n i t  t o  
provide   t rave l   and   th ree   a i r -opera ted   mi l l ing   motors  t o  
provide   the   requi red   machin ing   opera t ions .  The d r i v e   u n i t  
provides  a mechanized  uniform  travel  speed. The m i l l i n g  
motors are a l i g n e d   t o  machine the   abu t t ing   edges   and   ad jacen t  
sur faces   s imul taneous ly .  

The device  w a s  u sed   t o   p repa re   p l a t e   edges   w i th   t he  
p l a t e s   i n   t h e   h o r i z o n t a l   w e l d i n g   p o s i t i o n   ( F i g u r e  5-25) ,  

downhand weld ing   pos i t ion   (F igure  5 - 2 6 ) ,  and ver t ical  welding 
pos i t i on   (F igu re  5 - 2 7 ) .  When simulating  the  lower  subassembly 
of a p a r t  i n  t h e   h o r i z o n t a l   w e l d i n g   p o s i t i o n ,   t h e   d e v i c e  main- 
t a ins  c o n t a c t  w i t h  t h e   p l a t e  due t o   g r a v i t y   a n d   t h e   o p e r a t o r  
does no t   need   t o   ho ld   t he   un i t .  With p a r t s   i n   p o s i t i o n   f o r  
downhand welding,  manual  force i s  adequate t o  hold   the   device  
i n   c o n t a c t   w i t h   t h e   s u r f a c e  of t he   pa r t .   L ikewise ,   t he  same 
technique i s  s a t i s f a c t o r y   f o r  the v e r t i c a l   p o s i t i o n   w i t h   t h e  
device moving down t h e  component. 

The pro to type   device  w a s  used t o  prepare   the   weld   sur faces  
of f l a t  and  curved aluminum p l a t e s   w i t h  a square b u t t  weld 
jo in t   conf igura t ion .   These   sur faces  were eva lua ted  on the 

bases  of gas   tungsten-arc   spot   and seam weld  soundness, 
Proficorder  measurements,   and  scanning  electron  microscopy. 
R e s u l t s  from these evaluat ions  proved t h e  technique,  sys t em,  
and   p ro to type   dev ice   t o   be   s a t i s f ac to ry   fo r   t he   i n t ended  
a p p l i c a t i o n .  

Electr ic  Discharge   Cleaninq .   Three   e lec t i rca l 'd i scharge  
cond i t ions  w e r e  i n v e s t i g a t e d :  

1) Pu l sed   d i r ec t - cu r ren t   r eve r se -po la r i ty  
2 )  Radiofrequency 
3 )  S t e a d y - s t a t e   d i r e c t - c u r r e n t   r e v e r s e - p o l a r i t y  



Figure 5-25. Unit in position for preparing lower part of an  assembly to  be  welded in  horizontal  position. 
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Figure 5-26. Method for holding device on plate for preparing surfaces in down-hand  welding position. 



Figure 5-27. Method  for  supporting device in  preparing  surfaces in 
vertical  welding  position. 
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Test  specimens  for  electrical  discharge  cleaning  evaluations 
were  first  dry  machined  to  produce  a  surface  with low defect 
potential  and  then  deliberately  contaminated,  retaining  some 
specimens in  the  as-machined  condition  for  experimental  control 
purposes.  The  following  surface  conditions  were  evaluated: 

1) As-machined  and  carefully  stored 
2)  Alconox  degreased 
3 )  Chemically  cleaned (1 min in 5 w/o  NAOH  solution 

at 18Oo-19O0 F, dipped in demineralized water, 
15 sec  dip  with  agitation  in 5 0  v/o HN03  to  remove 
smut,  followed  by a 1 min  rinse  in  demineralized 
water) 

4 )  Trichlorethylene  degreased. 

Cleaning  was  performed  with  conventional  gas  tungsten- 
arc  welding  equipment  mounted  on  a  side  beam  carriage  and 
equipped  with  an  oscillator  to  provide  longitudinal  and 
transverse  travel  over  the  specimen  surfaces. A photograph 
of a  cleaning  operation  with  direct-current  reverse-polarity 
discharge is shown  in  Figure 5-28. 

Unfortunately,  all  the  electrical  discharge  cleaning 
methods  investigated  failed  to  produce  surfaces  with  low  weld 
defect  potential. 

Monitorina  Shieldina  Gas  Puritv (4,281 

As discussed  earlier in  Chapter 5.2, it was  found  during 
previous  prdgrams  that: 

1) Small  amount of hydrogen  about 250  ppm in  the 
shielding  gas  is  enough  to  produce  porosity in 
aluminum  welds 
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Figure 5-28. Electric discharge cleaning with  direct-current reverse-polarity discharge. 



I. 

2 )  Normal commercial gases  which meet t h e   c u r r e n t  NASA 

s p e c i f i c a t i o n  f o r  sh i e ld ing   gas  are s u f f i c i e n t l y   p u r e .  

However, gas   contaminat ion  can  occur   within  the b o t t l e ,  es- 
p e c i a l l y  when it i s  empty, o r  be tween   t he   bo t t l e   and   t he   t o rch  
nozz le .   In  order t o  successfu l ly   cont ro l   weld ing   product ion ,  
i t  i s  necessary to  moni tor   pur i ty  of s h i e l d i n g  gas a t  t h e   t o r c h .  

A s tudy  was conducted a t  t h e  Boeing Company wi th   t he  
fo l lowing  objectives: 

1) D e f i n e   t h e   s h i e l d i n g   g a s   p r o f i l e s  of t y p i c a l  
product ion  weld  torches 

2 )  Determine  the  degree of contaminat ion  introduced 
i n t o   t h e  arc reg ion  as a r e s u l t  of j o i n t   d e f e c t s  

3 )  Correlate t h e  above wi th   weld   poros i ty .  

Probe   for  G a s  Analysis .   In   order   to   measure  contaminat ion 
" 

i n  t h e  s h i e l d   g a s  a spec ia l   p robe  was designed  which  could 
continuously  sample a very  small p o r t i o n   o f   t h e   g a s   a n d   d e l i v e r  
it t o  a mass spec t romete r   fo r   ana lys i s .  The probe w a s  made by 
s i l ve r  so lde r ing  a 0.025 mm (1 m i l )  s t a i n l e s s  s teel  c a p i l l a r y  
w i t h  0.15 mm ( 6  m i l s )  ou ts ide   d iameter   in to   the   end   of  a 
0 . 7 9  mm (1/32") s t a i n l e s s  s teel  tube.  The tube was connected 
t o  a mass spectrometer  as shown i n   F i g u r e  5-29.  The  probe 
w a s  a f f i x e d  t o  t h e  weld  torch  by means of a motor driven  clamp. 
The probe t i p  and mount are shown i n  F igure  5-30. The motor 
used w a s  a syncronous  type  geared down so t h a t  t h e  p robe   t r ave l  
w a s  1 cm/min. This  dr ive  speed  provided a p o s i t i o n   r e s o l u t i o n  
of 0.025 c m ,  s ince   t he   r e sponse  t i m e  w a s  about  one  second  ( the 
t i m e  r e q u i r e d   f o r   t h e   g a s  t o  pass   th rough  the   p robe   and   in to  
t h e  mass spectrometer)  . 

The mass spectrometer  used w a s  a Veeco Model RG-4 r e s i d u a l  
gas   ana lyzer .   Cal ibra t ion  of t h e  mass spectrometer  w a s  accom- 
p l i shed   by   pas s ing   t he   he l ium  gas   t o   be   ana lyzed   pas t   an  
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Figure 5-29. Schematic of mass spectrometer  and  calibration cell. 
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PHOTOGRAPH OF PROBE T I P  

(A) 

PHOTOGRAPH OF WELD TORCH, PROBE, AND CONTROL 
(B) 

Figure 5-30. Mass spectometer  probe and control. 
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e lec t rochemica l  c e l l  a t  a known flow rate.  Oxygen was genera ted  
e lec t rochemica l ly  a t  a p l a t inum  e l ec t rode  from d i l u t e   s u l f u r i c  
a c i d .  

Under t h e   o p e r a t i n g   c o n d i t i o n s   t h e   s e n s i t i v i t y  t o  oxygen 
i n  helium was found t o  be 3.15 ppm/division  with  an observed 
no i se  level of  up t o  0 .3   d iv i s ion  or an   unce r t a in ty   o f  - ca. 2 ppm 
oxygen. 

By means of the  motor   dr iven  probe it w a s  p o s s i b l e  t o  scan  
the   gas   sh i e ld   and  re la te  composition t o  pos i t i on   and  t o  re- 
c o n s t r u c t   t h e   c o n t a m i n a t i o n   p r o f i l e .  The mass spectrometer  
w a s  se t  t o  continuously  monitor  oxygen. A t y p i c a l   s c a n  i s  
shown i n   F i g u r e  5-31. From these   s cans   t he   d i s t ances  a t  which 
oxygen  reached 1 0 ,  100, 1000, and 5000 ppm were recorded.  
Scans'were made a t  seve ra l   pos i t i ons   (up  to twelve p e r   p r o f i l e )  
t o  d e f i n e   t h e   n a t u r e  of each  prof i le .   Four   hel ium flow rates,  
0.34, 0.44, 0.57, and  0.68  standard l i ters per  second (43,  56, 

72, and 86 s t a n d a r d   c u b i c   f e e t   p e r   h o u r ) ,   f o u r   t o r c h  t o  work 
d i s t a n c e s  0.6, 1.0, 1.3, and 1.5 crn (1/4, 3/8, 1/2, and 19/32 
i n c h ) ,  t w o  t o rch   pos i t i ons   ho r i zon ta l   and  v e r t i c a l ,  and t w o  
torches  Linde HW-27 and HW-13 were used   t o   p repa re   r e f e rence  

p ro f i l e s .   These   p ro f i l e s   a r e   r ep roduced   i n   t he   append ix .  

The oxygen  contamination levels may be   conver ted   to   water  
contaminat ion  levels   but   these  depend upon temperature and 
humidity.  Each  oxygen  contour  can be converted t o  a water 
contour  by mul t ip ly ing  by t h e   r a t i o  o f   t h e   p a r t i a l   p r e s s u r e  
of water t o   t h e   p a r t i a l   p r e s s u r e   o f   o x y g e n .  

A t  1 0 0 %  re la t ive  h u m i d i t y   t h e   p a r t i a l   p r e s s u r e  of water 
P(H20) i s  equal  t o  the  vapor   pressure  of  water and  can be 

found in   s tandard  handbooks.  At 50% R . H .  P(H20) i s  one-half 
the   vapor   p ressure ,  e tc .  A t  one  atmosphere  pressure,   dry a i r  

con ta ins  20.95% oxygen  by  volume, t h e r e f o r e ,   t h e   p a r t i a l  
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Figure 5-31 Typical scan for gas profile. 
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pres su re  of oxygen, P (02) , is  

P ( 0 2 )  = 0 . 2 0 9 5  [760 - P (H20)  1 (5-3) 

The ra t io  P (H20)/P (02) i s  g iven   i n   Tab le  5-3 f o r   v a r i o u s  
temperatures  and  humidity  levels t ha t  may be encoun te red   i n  
a product ion area. 

These d a t a   i n d i c a t e   t h a t  a r a t i o  of 0 . 1  t o  0 . 2  covers  
the  range  encountered  in  most  shop  environments.  I f  w e  assume 
a va lue  of 250 ppm w a t e r   i n   t h e   g a s   s h i e l d  i s  n e c e s s a r y   t o  
p roduce   s ign i f i can t   po ros i ty ,   t hen  it i s  n e c e s s a r y   t o   i n t r o -  
duce a contaminat ion  level   of   something  greater   than 1 0 0 0  ppm 
oxygen  from  shop a i r .  Th i s   r ep resen t s  a rather large  contami- 
na t ion   leve l   and   therefore ,   should  be e a s y   t o   d e t e c t .  

Joint   Defects .   Experiments  were conducted to   de t e rmine  
t h e  minimum s i z e  d e f e c t   t h a t  r e s u l t s  i n  contamination i n  t h e  

c r i t i c a l   a r c  zone. Gaps were s e l e c t e d   f o r   t h e   f i r s t   e x p e r i -  
ment.  Flow r a t e s  were se lec ted   which   represent  minimum cover- 
age   and   t hus   t he   ea s i e s t   t o   pe r tu rb .  

The following  experiment w a s  conducted: The mass  spec- 
trometer  probe was set  d i r e c t l y  b e l o w   t h e   e l e c t r o d e   t i p   a t  
t he  su r face   o f  the aluminum panel .  The j o i n t  was a d j u s t e d  so 
t h a t  a gap  of  2.54 c m  (one  inch)   exis ted  a t   one  end  and no 
gap a t  t h e  o ther   end .  The j o i n t  was made up  from two p ieces  

of 0.63 cm (0.25  inch) by 1.118 m ( 4 4  inches)   long.  The weld  
to rch  was moved a l o n g   t h e   j o i n t   s t a r t i n g   a t   z e r o   g a p  a t  
var ious  speeds.  (See Figure  5-32) The gap s i z e  a t  which the 

contamination  level  changed w a s  recorded  and i s  l is ted i n  
Table 5-4. 

These   da ta   ind ica te   tha t   on ly   gaps  of ve ry   l a rge  s i z e  
allow  contamination t o  e n t e r   t h e   c r i t i c a l  zone. The gas flow 
r a t e  was lowered  to   the  point   where  coverage was j u s t   b a r e l y  
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Temperature 

2 0   6 8  

25 77  

30 86  

3 5  95 

TABLE 5-3. THE RATIO P (H20) / P (02) 

5 0 %  R.H. 100% R.H. 

.056 

. 0 76 

. l o 2  

.136 

. 112  

.154 

. 209  

.280  
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GAPS 

MI SF I T S  

Figure 5-32. Gaps and Misfits. 
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TABLE 5-4. GAP  SIZE  NECESSARY  TO CAUSE CONTAMINATION 
CHANGES IN GAS SHIELD. 

o Torch: Linde, HW-13 

Position I F1 

Helium 0.44 11s 
Flow  Rate 

Torch  Travel 
Rate cm/min 

Gap  Size 
where  contami- 
nation  level 
changes (cm) 

- ". 
~ ~~~ 

. " 

- 

Posit  ion 
. -  

Helium 
Flow  Rate 
- 

Torch Travel 
Rate cm/min 

Gap  Size 
where  contami- 
nation  level 
changes  (cm) 

73.1 

1.75 

0.57 11s 

Horizontal 

I 
0 .44  1/3 0.57  l/s 

~ 

29.5 .73.1  51.6  29.5 73.1 51.5 

~~ 

* * 2k * * * 

o Torch:  Linde, HIJ-27 

Position  Horiz 

Helium 
Flow Rate 

0.44 1/3 

Torch Travel I 29.5 I 51.6 I 73.1 
Gap Size * * * 

Ita1 

0.57 l/s 

* No change was noted in the contamination  level. 
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adequate  and  the  experiment  repeated.  With  this lower flow 
rate it was i m p o s s i b l e   t o   p r e v e n t   e v e n   t h e   s l i g h t e s t   d r a f t  
f r o m   d i s t u r b i n g   t h e   g a s   s h i e l d   d e s p i t e   e x t e n s i v e   s h i e l d i n g .  
The movement of t h e   t o r c h  was enough to  cause  contamination 
o f   t he   gas   sh i e ld .  The r e s u l t s  of t h e s e  tests may be summed 
up as fo l lows :   I f   sh i e ld ing   gas   f l ow  r a t e  i s  adequate,   gaps 
do n o t   p e r t u r b   t h e   c o n t a m i n a t i o n   p r o f i l e   b u t   i f   f l o w   r a t e s  
are  reduced  to  where  gaps may cause  contaminat ion,   then move- 
men t   o f   t he   t o rch   and   o the r   s l i gh t   d ra f t s   d i s tu rb   t he   sh i e ld -  
ing  gas  enough  to  completely  overshadow  any  effect   of  the  gap. 
This   condi t ion  was a l s o   f o u n d   t o   e x i s t   f o r   m i s f i t s   ( F i g u r e  5 - 3 2 ) ,  

t h a t  i s ,  e i t h e r  no change i n   t h e   p r o f i l e  was found o r   d r a f t s  
overshadow  the  effect .  I n  o r d e r  to p r o p e r l y   i n t e r p r e t   t h e s e  
r e s u l t s ,  it i s  n e c e s s a r y   t o  compare the   con tamina t ion   p ro f i l e s  
fo r   cons t an t   gas   f l ow by changing   to rch   to  work distances. T o  

supplement   the   p rof i les   in   the   appendix  it was necessa ry   t o  
de t e rmine   p ro f i l e s  for the case  of no work present .   This  
series is  shown i n   F i g u r e  5 - 3 3 .  A he l ium  f low  r a t e   t ha t  i s  
adequa te   fo r   sho r t   t o rch   t o  work d i s t a n c e  becomes inadequate  
a t   l o n g e r   d i s t a n c e s .  When c a r r i e d   t o   e x t r e m e ,   t h e   r e g i o n  of 
zero   contaminat ion   decreases   to  a small cone. A t  t h e   s h o r t e r  
t o r c h   t o  work d i s t a n c e s ,   t h e  work fo rces   t he   sh i e ld   gas   ou t ,  
t h u s   t h e r e  i s  adequate  coverage. When a gap is  encountered, 
t h e   p r o f i l e   e x h i b i t s  a t r a n s i t i o n   t o   t h a t   o b s e r v e d   w i t h  no 
work p r e s e n t ,  when the  gap i s  large  enough. 

T h i s  t r a n s i t i o n  i s  dependent upon hel ium  f low  ra te .  A t  

a f low  ra te   h igh  enough to   provide  adequate   coverage t h e  

t r a n s i t i o n   o c c u r s   a t  a la rge   gap .  A t  lower  flow rates t h e  

gas   sh i e ld  i s  u n s t a b l e   w i t h   r e s p e c t   t o   s l i g h t  a i r  movement 
and the   t r ans i t i on   canno t   be   s een .   These   da t a   i nd ica t e   t ha t  
j o i n t   v a r i a t i o n s  may have  very l i t t l e  in f luence  on s h i e l d i n g .  
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1.8 cm None 

HU-27  TORCH, 0 . 5 7  1/SEC ( 7 2  SCFH) AT VARIOUS TORCH  TO WORK DISTANCES,  TWICE ACTUAL SIZE 

None 

Figure 5-33. Effect of torch to work distance on contamination profiles. 



The da ta   ob ta ined  so f a r  s t rong ly   sugges t s   t ha t   mechan ica l  
j o i n t  d e f e c t s  do no t  l e a d  t o  poros i ty .   That  i s ,  mechanical 
j o i n t   d e f e c t s   d o   n o t   e a s i l y   p r o d u c e   p o o r   s h i e l d i n g   a n d   i f   t h e y  
could ,   a tmospher ic   contaminat ion ,   par t icu lar ly  moist a i r ,  
c a n n o t   e n t e r   t h e  arc r e g i o n   i n   s u f f i c i e n t   q u a n t i t i e s  t o  produce 
p o r o s i t y   i n  aluminum even under   the  most adverse  product ion 
condi t ions .  

Other   Possible  Means 

I n   t h e  NASA research  program  on  welding  aluminum,  several  
methods  other   than  discussed  previously were s t u d i e d  as p o s s i b l e  
means f o r   r e d u c i n g   p o r o s i t y .  The methods  s tudied  include:  

1) U s e  of   hydrogen  get ters  
2 )  Magnetic a rc  shaper  and  molten-puddle stirrer 
3 )  Cryogenic  cooling. 

Even though  major   ob jec t ive   o f   the   l as t  t w o  methods were no t  
t o   c o n t r o l   w e l d   p o r o s i t y ,   t h e i r   e f f e c t s   o n   p o r o s i t y  were 
s tudied   on  a l i m i t e d   s c a l e .  

Use of  Hydrogen Getters. ( I3 )  I t  has  been known t h a t  
ce r t a in   e l emen t s  w i l l  a c t  as scavengers   of   hydrogen,   e i ther  
e l imina t ing  it o r  combining  with it i n  a harmless  form. The 
Southern  Research  Inst i tute   conducted a research  program  which 
cons is ted   o f  two phases:  (1) a l i t e r a t u r e  and   t heo re t i ca l  
study,  and ( 2 )  an  experimental   s tudy.  

On t h e   b a s i s   o f  a s u r v e y   o f   l i t e r a t u r e  ( 5 4 - 5 7 )  hydrogen 
appears t o  be   ab le  t o  combine  with almost every e l emen t  t o  
form  binary compounds. These compounds are d i v i d e d   i n t o  
t h r e e   g r o u p s :   t h e   c o v a l e n t   h y d r i d e s ,   t h e   s a l i n e   h y d r i d e s ,   a n d  
the   t r ans i t i on -me ta l   hydr ides .  
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The  covalent  hydrides  are  formed  by  the  elements B, C, 

N, 0, F, Si, P, S ,  C1, Ge, As, Se,  Br, Sn, Sb, Te, I, Pb, Bi, 
and Po. The  elements Cu, Ag, Au,  Zn,  and Hg form  an  inter- 
mediate  type  of  hydride  that  is  neither  pure  ionic  nor  metallic 
bonded  but  tends  to  have  the  characteristics of the  covalent 
hydrides.  Therefore,  this  type  hydride  was  included  with  the 
covalent  hydrides  for  consideration  in  this  study.  In  their 
natural  state  covalent  hydrides  are  usually  in  either  liquid 
or gaseous form. Since it was  considered  likely  that  liquid 
or gaseous  hydrides  would  be  detrimental  if  mixed  into  the 
weld  puddle,  these  elements  were  eliminated  from  further 
consideration. 

The  saline  hydrides  are  ionic  in  their  bonding  and  form 
stoichiometric  compounds.  The  elements  included  in  this 
classification  are Li, Na, Mg, Al, IC, Ca, Rb, Sr, Cs, Ba, and 
Ra. It  is  probable  that  the  rare  earths  are  also  included  in 
the  saline-hydride  group. 

The  transition-metal  hydrides  are  formed  by Ti, Zr,  Hf, 
Th, V, Cb, Ta, Pa, Cr, Mo, W, U, Pu, Fe, Ru, O s ,  Rh, Ir,  Ni, 
Pd, Co, and  Pt.  These  hydrides  exhibit  metallic  bonding  and 
nonstoichiometric  compositions  depending  upon  the  exposure 
time  to  hydrogen,  temperature of reaction,  and  past  history 
of the  element. 

It  was  decided  to  select  four of the  promising  elements 
for  experimental  investigation  of  their  hydrogen-getting 
abilities,  one  from  the  saline  group,  two  from  the  transition 
metals,  and  a  rare  earth,  Calcium  was  chosen  to  represent  the 
saline  group  because it was  more  readily  available  and  pre- 
sented  less  stringent  handling  requirements  than Ba and  Sr. 
Of  the  transition  metals,  Ti  and  Zr  were  chosen  because  of 
their  availability  and  lower  cost  in  comparison  to  Hf. 
Mischmetal,  a  mixture  consisting  of  approximately 50 percent 



cerium a n d   o t h e r   r a r e - e a r t h  metals (pr incipal ly   lanthanum  and 
neodymium), w a s  chosen t o  r e p r e s e n t   t h e  rare e a r t h s .  

Experiments w e r e  made t o  determine  whether   porosi ty   could 
be  reduced by app ly ing   hydrogen   ge t t e r s   i n  areas near  a GTA 

arc spot   weld.  The g e t t e r s  w e r e  p r e p a r e d   i n  powder form and 
app l i ed  t o  specimens  by  var ious ' techniques as o u t l i n e d   i n   t h e  
preceding   d i scuss ion .  None of the  techniques  proved t o  be 

e f f e c t i v e   f o r   r e d u c i n g   p o r o s i t y .  

Fine  powders  have  large  surfaces  compared t o  t h e i r  
volumes  and are eas i ly   contaminated .  A i r  i s  always  present  
around  powders,  even when they  are packed. A s  demonstrated 
by o t h e r   i n v e s t i g a t o r s   i n  the NASA program,   po ros i ty   i n  
aluminum  welds  can r e s u l t  f rom  very   s l igh t   sh ie ld ing-gas  
impur i t ies   and   very  minimum contamination of t h e   e l e c t r o d e  
or  workpiece  surface.   Findings  obtained a t  Boeing  indicate  
t h a t   t h e   e x i s t e n c e   o f   o n l y  250  ppm of   gas   impur i ty ,  o r  of a 

s i n g l e   f i n g e r p r i n t   o n   t h e  metal s u r f a c e ,  w i l l  cause   poros i ty .  
A t  SRI, no  measurement w a s  made of   the   impur i t ies   a round  the  
hydrogen   ge t t e r s   app l i ed  t o  specimens. 

I t  i s  t h e   i n t e g r a t o r ' s   o p i n i o n   t h a t  SRI work h a s   n e i t h e r  
proved  nor  disproved  whether  porosity  can  be  reduced  by  using 
hydrogen   ge t te rs .   Therefore ,  it may be  worthwhile t o  t r y  a 

different  approach  to  the  problem.  Perhaps  an  approach  would 
be   t he   u se   o f   expe r imen ta l   f i l l e r  wires containing  hydrogen 
g e t t e r s .  

Magnetic A r c  Shaper  and  Molten-Puddle S t i r r e r .  Another (18) 

p o s s i b l e  method of reducing   poros i ty  i s  the  use  of   mechanical  
d e v i c e s   t h a t   e i t h e r   a g i t a t e   t h e   p u d d l e  or  o s c i l l a t e   o r   s h a p e  
the   p lasma.   Both   puddle   s t i r r ing   and   p lasma  osc i l la t ion   have  
proved   successfu l   in   reducing   the  leve l  of   poros i ty ,   a l though 
the   pe rcen t   r educ t ion  was r e l a t i v e l y  small. However, a t t a i n i n g  

th i s   r educ t ion   r equ i r e s   t he   add i t ion   o f   compl i ca t ed   equ ipmen t  
t o  the   weld ing   to rch .  
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Cryogenic  Cooling. (I5) The  results  obtained at Harvey 
Aluminum  have  shown  that  porosity  could  be  reduced  by  cryogenic 
cooling  during  welding.  However,  the  percentage  of  porosity 
reduction  was  relatively  small.  The  use of this  method  intro- 
duces  the  risk  of  contaminating  the  weld  and  further  complicates 
the  welding  process.  More  study is needed  before  conclusive 
statements  can  be  given  on  this  subject. 
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CHAPTER 6 

Weld Thermal   Effects  

F igure  3-2 summarizes the   expe r imen ta l   r e su l t s   ob ta ined  
a t  the  Marshall   Space  Flight  Center  which show t h e   e f f e c t s  
of weld ing   hea t   input   on   the   u l t imate  tensile s t r e n g t h   o f  
welds i n  2219-T81 and 2219-T86 a l l o y s .  ( 4  ‘6  7, When the   weld  
h e a t   i n p u t  i s  between 4 0 , 0 0 0  and 1 0 0 , 0 0 0  j o u l e s / i n  , t h e  
u l t i m a t e   s t r e n g t h  of a weld i s  between  37,500  and 4 2 , 0 0 0  p s i .  
A s  t he   hea t   i npu t   dec reases ,   t he   we ld   s t r eng th   i nc reases  
sharp ly   reaching  as high as 57,000 p s i   w i t h  a 1 0 , 0 0 0  j o u l e s / i n  
h e a t   i n p u t  by electron-beam  process.  The 2218-T87 base  metal  
has a s t r eng th   o f  6 9 , 0 0 0  p s i ,   a b o u t  1 0 , 0 0 0  psi   of  which 
s t r e n g t h  i s  due t o   s t r a i n   h a r d e n i n g .  The s t r e n g t h   o f   t h e  
a l l o y   i n   t h e   u n s t r a i n e d   c o n d i t i o n ,  T-62 ,  i s  l i s t e d  a t  59,000 
psi ,   near ly   reached  in   e lectron-beam  welds   of  1 0 , 0 0 0  j ou le s / in .  

2 

2 

2 

The t h e r m a l   e f f e c t  i s  a l so  seen   me ta l lu rg ica l ly .  
Figure 6 - 1  shows t y p i c a l   m i c r o s t r u c t u r e s   o f   t h e   h e a t - a f f e c t e d  
zones  of  welds made i n  two d i f f e r e n t   h e a t   i n p u t s , . 2 0 , 0 0 0   a n d  
8 0 , 0 0 0  j ou le s / in2  A s  h e a t   i n p u t   i n c r e a s e s ,   t h e r e  i s  an  in-  
crease i n   g r a i n   s i z e   a n d   i n   t h e t a   o r   c o p p e r   a l u m i n i d e   a g g l o m e r a -  
t i o n  a t  t he   g ra in   boundar i e s .  The s t r e n g t h  vs hea t   i npu t   cu rve  
has a s t eep   s lope   f rom 3 0 , 0 0 0  t o  1 0 , 0 0 0  jou les / in2   This  may 
b e   r e l a t e d  t o  a marked  decrease in   t he   excess   ene rgy   ove r  that 
r equ i r ed   fo r   ac t iva t ion   o f   coppe r   mig ra t ion .  



a. 20,000 joules/m' 
(1,000 x fusion time) 

b. 80,000 joules/in2 
(1,000 x fusion time) 

Figure 6-1. 2219  Microstructure Versus energy. 



6.1  Time-Temperature  Effect 

Jackson (57) proposed  the  time-temperature  concept  to 
study  the  effects  of  heat  input  on  the  strength of aluminum 
welds. 
welding  of  a  point  in  a  weldment.  Maximum  temperature  is 
defined  as  the  peak  temperature  which  the  material  being 
joined  experiences  during  the  welding  heat  cycle.  Time at 
temperature  is  defined  as  the  time  that  the  material  being 
joined is above  the  temperature  that  adversely  affects 
strength  properties  of  the  base  metal  being  joined.  Accord- 
ing  to  Jackson,  the  strength  properties  of 2219-T87 aluminum 
alloy  are  found  to  be  adversely  affected  above 450' F.  

(5 1 Figure 6-2 shows  the  temperature  change  during 

An  investigation  was  made  to  develop  relationships 
between  weld  heat  input  and  strength  characteristics  of 2219 
aluminum  welds.  By  the  use  of  multivariate  regression  analy- 
sis  of  experimental  data,  the  relationship  among  maximum 
temperature,  time at temperature,  and  mechanical  property 
characteristics  including  yield  strength,  ultimate  tensile 
strength,  and  elongation  were  determined.  The  results  are 
summarized  as  follows: (4 1 

Yield  Strength:  Y1 = 5 .04  + 0.19X8 - 0.62X8X9; 
Standard  error of Y1 = 2.65; and  multiple  correlation 

2 

coefficient = 0.79. 

Ultimate  Tensile  Strength: Y 2 =  12.51 - 2.30X8 + 
0.40X8 - 0.67X8Xg; Standard  error of Y2 = 4.70; 

and  Multiple  correlation  coefficient = 0.82. 

Elongation: Y3 = 2.08 - 0.30X8 + 0.03X8 ; 

Standard  error of Y3 = 0.71; and  Multiple  correlation 

coefficient = 0.82. 

z 

2 
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Figure 6-2. Time-temperature  characteristics curve. 



where, 

Y1 = Yield  strength,  ksi 

Y2 = Ultimate  tensile  strength, ksi 

Y3 = Elongation,  percent 

X8 = Maximum  temperature l o 2  OF 
Xg = Time at temperature,  seconds 

The strength  characteristics,  yield  strength  and  ultimate 
tensile  strength  varied  with  maximum  temperature  and  inversely 
with  time  at  temperature  as  shown  in  Figures 6-3 and 6-4. 
Elongation  varied  with  both  maximum  temperature  and  time at 
temperature,  as  shown in Figure 6-5, which  increased  the  heat- 
affected  zone. To optimize  the  value of yield  and  ultimate 
strength  a  maximum  value  of  maximum  temperature  and  minimum 
value of time at temperature is required.  These  values  of 
maximum  temperature  and  time  at  temperature  are 1500' F  and 
16 seconds,  respectively.  To  optimize  the  value  of  elongation 
maximum  values  of  maximum  temperature  and  maximum  time  are 
required.  These  values  are 1500O F  and 52 seconds.  From  the 
response  surfaces  shown  in  Figures 6-3, 6-4, and 6-5, the  theo- 
retical  maximum  values  attainable  for  the  strength  character- 
istic  responses  are:  yield  strength, 35.13 ksi; ultimate 
strength, 54.39 ksi;  elongation, 4.87%. 

Maximum  temperature, X8, and  time  at  temperature, Xg, 
were  further  expressed  as  follows: 

4) Maximum  temperature: X8 = 62.97 - 0.36X1X2 + 
0.55X1X3 + 1.56X2X7 - 0 .01X4X6 + 5.35X3 - 0.21Xs2 + 

o=15X5X7 - 29.56X7 - 0.56X72; Standard  error  of 

X8 = 0.96; and  Multiple  correlation  coefficient = 0.96. 
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Figure 6-3. Yield strength of welds  Versus maximum temperature  and  time  at  temperature. 



1 

Figure 6-4. Ultimate tensile strength of welds  Versus  maximum temperature  and time at temperature. 



Figure 6-5. Elongation  Versus  maximum temperature and  time at temperature. 



5)  T i m e  a t  temperature:  Xg = -96 .27  + 7.23X2 - 33X2X3 + 

5.35X3; Standard error of Xg = 0.54;  and  Multiple 

c o r r e l a t i o n   c o e f f i c i e n t  = 0.95. 

where, 

X1 = arc vo l t age ,  vo l t s  (10.5 t o  11.5) 

X2 = welding  current,   amperes (160 t o  180) 

X3 = arc  t ravel  speed, ipm ( 6  t o  9 )  

X4 = f i l l e r  metal speed, ipm (16  t o  2 4 )  

X5 = e lec t rode   ho lder   angle ,   degrees  ( 2  deg  lead t o  
4 deg  lag)  

X6 = gas  f l o w  r a t e ,  c fh  ( 8 0  t o  1 2 0 )  

X 7  = t u n g s t e n   l e n g t h ,   i n   ( 3 / 8   t o  1/21 

T h e  independent   var iab les  were set a t  t w o  l e v e l s  as shown 
above in   keep ing  w i t h  t h e  2 7  f ac to r i a l   expe r imen ta l   des ign  
w i t h  1 / 4  r e p l i c a t e .  

The fo l lowing   genera l   conc lus ions  were drawn as a 
r e s u l t   o f  t h i s  i n v e s t i g a t i o n .  

1. 

2. 

3. 

Maximum temperature  and t i m e  a t  temperature were 
found t o  be s i g n i f i c a n t   i n   m e a s u r i n g   e f f e c t i v e  
weld heat inpu t .  

Curren t   and   t rave l   speed  were t h e   o n l y   c o n t r o l l a b l e  
i n d e p e n d e n t   v a r i a b l e s   t h a t   s i g n i f i c a n t l y   a f f e c t e d  
t i m e  a t  tempera ture   whi le   vo l tage ,   cur ren t   and  
tungs t en   l eng th   a f f ec t ed  maximum temperature.  

Def in i t e   ma themat i ca l   r e l a t ionsh ips   can   be  
developed  descr ibing t h e  in te rac t ions   be tween  weld  
h e a t   i n p u t   a n d   f a c t o r s   t h a t   r e q u i r e   o p t i m i z a t i o n .  
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St reng th  vs Welding  Energy (4 1 

Shor t ly  a f t e r  Jackson  completed  the  above  mentioned 
work, t e n s i l e  data from  hundreds of welding  panels were 
p l o t t e d   w i t h   r e f e r e n c e  t o  welding  energy  per  inch of th i ck -  
ness.   Various  welding  techniques were used  such as e l ec t ron -  
beam (EB), gas  tungsten-arc  (GTA), gas  metal-arc (GMA), done 
w i t h  one  pass  one side,  t w o  pass  one side, and  one  pass  each 
s i d e .  The welding  energy i s  e x p r e s s e d   i n   j o u l e s   p e r   l i n e a r  
inch  of travel p e r   i n c h  of th ickness .  The lowest s t r e n g t h  
was produced  by welds w i t h  weld h e a t   i n p u t   g r e a t e r   t h a n  
8 0 , 0 0 0  j o u l e s   p e r   i n c h   p e r   i n c h ,  as shown i n   F i g u r e  3-2. The 
h i g h e s t   s t r e n g t h  of 5 7 , 0 0 0  p s i  w a s  produced  by  electron beam 
equipment. 

I t  is  wor thwhi le   to   ment ion   tha t  a l l  t h e  welds of which 

data are shown i n   F i g u r e  3-2 were made without  back-up bars.  

I n  t h e  p a s t  t h e  industry  had  used  back-up bars and  they were 
thought t o  be e s s e n t i a l .  A s  a r e s u l t  of an   ex tens ive   s tudy  
a t  NASA, it has been  found t h a t  back-up bars are not   necessary ,  
even  on  heat t reated a l l o y s .  ( 4  1 



6 . 2  Welding " with  High Density Power Sources 

As shown i n   F i g u r e  3-2 ,  h i g h e r   s t r e n g t h s  are obta ined  
with  welds made wi th   lower   energ ies .   Expressed   d i f fe ren t ly ,  
welds made with  high power dens i t ies   and   appropr ia te   para-  
meters w i l l  produce  higher   s t rengths .   At tempts  were made t o  
weld  with  high  densi ty  power sources. The following  pages 
d i s c u s s  : 

1) Experiments t o  i n c r e a s e  GTA power d e n s i t y  
2 )  E lec t ron  Beam welding 
3)  Non-vacuum e l e c t r o n  beam welding 
4 )  Plasma e l e c t r o n  beam welding. 

Experiments - " ~~~ - . . .. .. " . t o  Inc rease  GTA Power Density 
... - ~ 

A s tudy  was conducted by Lockheed ( 2 5 )  t o  i n v e s t i g a t e  
p o s s i b i l i t i e s   t o   s i g n i f i c a n t l y  increase t h e  power densi ty   of  
tungs ten  arc welding.   Modif icat ions  of   gas   tungsten  arcs  
w e r e  se lected  which w e r e  b e l i e v e d   t o  show the  most  promise. 
Each o f   t h e s e   i n f l u e n c e s  a d i f f e ren t   po r t ion   o f   t he   a r c   and  
c a n   b e   c l a s s i f i e d  as fol lows:  

a )  Modif icat ion  of  the e lec t rode   (ca thode)  
b) Modification  of  the  anode  (workpiece) 
c )  Modif ica t ion   of   the   sh ie ld ing   gas  
d )  U s e  o f   magne t i c   f i e lds   t o   cons t r i c t   t he  arc plasma. 

Modif ica t ion   of   the   e lec t rode  may inc lude   changes   i n  the 

material   from  which it i s  constructed,   changes i n  i t s  shape, 
or  changes i n  the means used t o   c o o l  it. Emphasis w a s  p laced 
on mater ia l s   wi th   h igh   thermionic   emiss iv i ty   s ince   they   could  
ope ra t e   w i th  a smal le r   ca thode   spot  a t  a g iven   cur ren t   and  
thereby  provide a narrower  current--conducting  path  near  the 
cathode. The reported  high  thermionic  emission  of  lanthanum 
hexaboride  together  w i t h  i t s  h igh   mel t ing   po in t ,  2210O C 

(4012O F ) ,  good e l e c t r i c a l   c o n d u c t i v i t y ,   a n d   s t a b i l i t y   l e d   t o  
i t s  s e l e c t i o n  as one  of t h e  materials fo r   expe r imen ta t ion .  
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Barium-calcium-aluminate  impregnated  cathodes were also 
se lec ted   for   the i r   h igh   thermionic   emiss ion   and   because   o f  
t h e i r   s u c c e s s f u l   a p p l i c a t i o n  as e l e c t r o d e s   i n   a n  arc plasma 
generator.   Accordingly,   experiments w e r e  made t o  s tudy   t hese  
two m a t e r i a l s .  

A t  the   anode  or   workpiece  in  DCSP-GTA welding,   there  i s  
much less l a t i t u d e   a v a i l a b l e   i n  which t o  perform  modif icat ions 
t o   i n c r e a s e  power d e n s i t y ;   t h a t  i s ,  the  composition  only can 
be changed  and  only i n   v e r y  small amounts. A f o u r f o l d   d i f -  
f e r ence  i n  p e n e t r a t i o n  due t o   t r a c e  amounts  of  chlorine 
r epor t ed  by  Ludwig  was j u s t i f i c a t i o n   f o r   f u r t h e r   i n v e s t i g a t i o n  
of t h i s  phenomenon i n   t h i s  program.  Several  experiments  with 
ha logen   addi t ions   to   the   anode   reg ion  w e r e  made. 

The marked ef fec t   o f   sh ie ld ing   gas   composi t ion  on a r c  
vo l t age ,  power d e n s i t y ,  and   thermal   e f f ic iency   repor ted  i n  
t h e   l i t e r a t u r e   i n d i c a t e d  a p o t e n t i a l   f o r   s i g n i f i c a n t  improve- 
ment i n  GTA power dens i ty .   Addi t ions   o f   the   d ia tomic   gases- -  
hydrogen,  nitrogen,  oxygen,  and  chlorine--were  selected  for 
s tudy   as   showing  par t icu lar   p romise .  I t  was a n t i c i p a t e d  t h a t  
hydrogen  and  nitrogen  could  be s t u d i e d  i n  a l l  concent ra t ions  
whereas  oxygen  and  chlorine,   because  of  possible  degradation 
of  the  cathode,  would be l i m i t e d   t o   a b o u t  1% by  volume. 

An a r c  plasma  such a s  used f o r  GTA welding  diverges  from 
the   ca thode   t o  t h e  anode as the  resu l t  of a form of thermal 
d i f f u s i o n  called ambipolar   d i f fus ion .   This  phenomenon occurs  
when t h e  more mobile   e lectrons,   formed n e a r  the  cathode  by 
i o n i z a t i o n ,   d i f f u s e   r a d i a l l y   o u t w a r d  more r ap id ly   t han   t he  
l a r g e r ,  more mass ive   pos i t ive   ions .  The charge   separa t ion  
p r o d u c e d   r e s u l t s   i n  a r a d i a l   e l e c t r o s t a t i c   f i e l d  which r e t a r d s  
the  motion  of   e lectrons  and  s imultaneously  increases  t h e  f o r c e  
d r iv ing   t he   pos i t i ve   i ons   ou tward .   I f   t he   e l ec t rons   cou ld  be 

r e s t r a ined   f rom  the i r   r ap id   ou tward   f l i gh t ,   t he   p l a sma   d ive r -  
gence   could   be   decreased ,   e f fec t ive ly   cons t r ic t ing   the   a rc  
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i n   t h e  anode  region. One means of inh ib i t ing   the   ou tward  
motion of e l e c t r o n s  would be by t h e   a p p l i c a t i o n  of a longi -  
tud ina l   magnet ic   f ie ld   th rough  the  arc. Such a f i e l d  would 
be   expec ted   to   cause   smal l   c i rcu lar   mot ions   o f   the   e lec t rons  
between c o l l i s i o n s   i n   c o n t r a s t  t o  t h e   i n t e r r u p t e d   l i n e a r  
motion that  normally  occurs .   Longi tudinal   magnet ic   f ie lds  
of the orde r  of 20 t o  50 G had  been  used t o   s t a b i l i z e   t h e  
gas - ' t ungs t en  arc and t o  p rov ide   " s t i f fnes s . "  Somewhat h ighe r  
f i e l ' d   s t r e n g t h  (100 G )  has   been  reported t o  provide a 
"focussing"  act ion  on  the arc. Therefore ,  a s tudy  w a s  con- 
ducted of long i tud ina l   magne t i c   f i e lds  of up to  300 G t o  
d e t e r m i n e   t h e i r   e f f e c t  on a r c  power dens i ty .  

Expe r imen ta l   Resu l t s .   S ign i f i can t   i nc reases   i n  arc 
Power d e n s i t y ,  as measured  by  narrowing  of  the  continuum, 
were n o t e d   f o r   a d d i t i o n s  of 20 vo l  % hydrogen t o   h e l i u m   o r  
a rgon   sh ie ld ing   gas .   Ni t rogen   addi t ions   to   he l ium  a l so  
increased  power d e n s i t y ,   p a r t i c u l a r l y  i n  concent ra t ions  of 
4 0  V o l  % o r   g r e a t e r .  The g r e a t e s t  increase measured,  however, 
was wi th   t he   add i t ion   o f  0 .5  v o l  % SF6 t o  helium. 

The improvement i n  weld penetration  and  depth-to-width 
r a t i o   o b t a i n e d  i n  the  bead-on-plate tests i s  much smaller 
than  suggested by the  continuum  data;   for  example,  a n  i n c r e a s e  
of  about 30% compared t o  a t e n f o l d  increase i n  the  continuum 
power densi ty   measured  for   the SF6 addition.  Moreover,  
n i t r o g e n   a d d i t i o n s ,   a c t u a l l y   r e s u l t e d  i n  lower  depth-to-width 
ra t ios  i n   s t a i n l e s s  steel .  

The use   o f   mater ia l s   wi th   h igh   thermionic   emiss ion   for  
t he   e l ec t rode   ( ca thode )  shows some promise  with up t o  a 60% 
increase i n  power densi ty ,   as   measured by the  continuum, 
and  about a 30% i n c r e a s e   i n   d e p t h - t o - w i d t h   r a t i o s ,   f o r   t h e  
t ip   conf igura t ions   s tud ied .   Problems  wi th   thermal   shock   and  
melt ing of the  lanthanum  hexaboride  t ips   (Figure 6-6)  could 
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Figure 6-6. Configurations of LaB6 tipped electrodes. 
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possibly  be  avoided by adding  small   quantit ies  of  the  lanthanum 
t o   c o n v e n t i o n a l   t h o r i a t e d   t u n g s t e n   e l e c t r o d e s .   T h e s e   t i p s  
would   have   the   res i s tance   to   mel t ing   o f   the   thor ia ted   tungs ten  
p lus   t he   h igh   emis s iv i ty  of the  lanthanum. 

The use  of a l o n g i t u d i n a l   m a g n e t i c   f i e l d   r e s u l t e d  i n  a 
s l igh t   nar rowing   of  the cu r ren t  width  on the copper  anode 
but   caused severe d i s t o r t i o n  of the  weld  pool   under   pract ical  
welding  condi t ions  In   the  bead-on-plate  tests. 

N o  improvement i n  power d e n s i t y  w a s  observed   in   the  
experiments  to  modify  the  anode. 

Surface  melting  of the water-cooled  copper  anode was 
o b s e r v e d   i n   s e v e r a l  of the  continuum  runs a t  high power 
densi ty   and  are   noted i n  t h e   t a b l e s .   S l i g h t   m e l t i n g   d i d   n o t  
appear t o   i n t e r f e r e   w i t h  the co’ntinuum  measurement b u t   i n  
some instances  small   beads  of   copper  w e r e  formed  on t h e  
s u r f a c e  and  tended t o   r e f l e c t   l i g h t  f rom  the  arc .  This  could 
r e s u l t  i n  erroneously  high  readings  of  power dens i ty .  To 

avoid   mel t ing ,  a l l  continuum  runs were made a t  1 5 0  A.  I n  
son~e cases, p a r t i c u l a r l y   w i t h   c h l o r i n e   a d d i t i o n s ,  a r e a c t i o n  
w i t h  the   copper   sur face  was observed  which  could  influence 
the measurement. The majori ty   of   the  runs  were made a t  0 . 2 5  mm 
(0 .010 i n )  above  the  copper  anode  surface  but some r u n s  w e r e  

made a t  0 .50  mm ( 0 . 0 2 0  i n )  t o   a v o i d   s u r f a c e   e f f e c t s .  

I n  general ,   the   bead-on-plate  tests w e r e  made under 
uniform  condi t ions  with little at tempt  made to   opt imize  weld-  
i n g   c o n d i t i o n s   f o r   t h e   s p e c i f i c  arc modif icat ion  under   s tudy.  
Therefore ,   the   resu l t s   should   on ly   be   cons idered   as   showing 
p o s s i b l e   t r e n d s .  

The dep th - to -wid th   r a t io s   a t t a inab le  by t h e  electron 
beam welding  process   are   over   ten times g rea t e r   t han   t he  
b e s t  GTA cond i t ions .  The t o t a l  power f o r  each  process i s  

of the   o rde r   o f  5 KW ye t   because   o f   t he   d i f f e rence  i n  t h e  
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s i z e  of t h e   h e a t   s o u r c e  as it impinges  on  the work t h e  
maximum e l e c t r o n  beam power dens i ty  is of   the   o rder   o f  
1 0  W/cm2 whereas for  GTA t h e  maximum power available i s  of 
t h e   o r d e r  of 1 0  W/cm2. The r e s u l t s  of th i s   s tudy   dec reased  
about  1 / 2  t h e   d i f f e r e n c e   o f  power densi ty   between  the two 
methods 'bu t   the  power d e n s i t y  of e l e c t r o n  beam welding w i l l  
still be about  1 0 0  times t h a t  of the   t ungs t en  arc process .  

9 
5 

E l e c t r o n  Beam Weldina 

E lec t ron  beam welding i s  one  of  the  newer  welding 
processes  which i s  be ing   eva lua ted   fo r  missile and  rocket 
weld ing   appl ica t ions .  I n  e l e c t r o n  beam welding,   fusion i s  
accomplished  by  bombarding  the  workpiece w i t h  a dense  stream 
of h igh -ve loc i ty   e l ec t rons .  The j o i n t   d e s i g n  for  e l ec t ron -  
beam welding i s  a s q u a r e - b u t t   j o i n t   w i t h  no  gap. N o  f i l l e r  
metal i s  required.   Welding  usual ly  takes p lace  i n  an  evac- 
uated  chamber,  and t h i s   p l a c e s  some l i m i t a t i o n s  on t h e  s i z e  
of the workpiece.   This   factor  is one  of the  major  limita- 
t i o n s  i n  t h e   a p p l i c a t i o n   o f   e l e c t r o n  beam welding.  Consi- 
derable work i s  being  done t o  min imize  this l i m i t a t i o n .  

I n  1963, MSFC made i t s  f i r s t   e f f o r t   t o   e x t e n d   t h e  u s e  
of an  e l e c t r o n  beam welding  system. ( 4 )  A "spli t-chamber" 

concept   as   developed  for  MSFC by the  Sciaky  Brothers  Company 
w a s  used. I n  b r i e f ,   t h i s  means t h a t  a  vacuum chamber i s  
reduced t o  a s i z e  t h a t  w i l l  encompass  only  the  joints  t o  be 

welded. 

MSFC chose   t he   33 - foo t   d i ame te r   r i ng   t ha t  makes t h e  
t r a n s i t i o n  from a bulkhead   to  a cy l inde r  i n  the S a t u r n  V 
f i r s t   s t a g e .  The c r o s s   s e c t i o n  of the   r ing   forms  a Y ,  as 
shown i n  Figure 6-7. Maximum th ickness  was about  2 1 / 2  inches.  
Only s h o r t   a r c s  of the ring  segments were i n  a low atmosphere 
(Figure  6-8) . The "A" h a l f  of t h e  chamber was s t a t i o n a r y .  
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Figure 6-7. Sealing between Y-ring and vacuum  chamber 
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Figure 6-8. Vacuum seals on  the split  chamber Y-ring welding unit. 



The "B" h a l f  w a s  moveable on a p a i r  of p r e c i s e l y   a l i g n e d  
rails and w a s  backed away t o  pe rmi t   p l acemen t   o fa the  work- 
p i ece  or t o  g e t  t o  the   e l ec t ron   guns .  

The c r i t i c a l  aspect  of  such a system i s  the  adequacy 
of the seals a t  t h e   i n t e r f a c e  of t h e  chamber  halves  and 
between  the  Y-ring  and  the  chamber.  Sealing  between  the 
machined  mating  surfaces was done  with  Neoprene  rubber   s t r ips .  
A f t e r  the chamber ha lves  w e r e  b rough t   i n to   con tac t ,   f ou r  
bo l t s ,  one a t  each  corner ,  w e r e  t i gh tened  t o  produce a t i g h t  
j o i n t .   T h i s  i s  one area tha t   p roved  t o  be troublesome  during 
the Y-ring welding  program.  During many of t h e  pump  down 
c y c l e s ,  it became evi-dent t h a t  a l e a k   e x i s t e d  somewhere i n  
t h e   s y s t e m .   Q u i t e   o f t e n   f u r t h e r   t i g h t e n i n g  of one o r  more 
o f  the b o l t s   s t o p p e d   t h e   l e a k .  

Sealing  between  the  Y-ring  and  the  chamber was done w i t h  
meta l   b locks ,   rubber   s t r ips ,   and  either preformed  packing o r  
O-rings.  Again  small leaks were o f t e n   c o r r e c t e d  by t i gh ten ing  
t h e   c l a m p i n g   p l a t e s ,   y e t   t h e   e x a c t   l o c a t i o n  of leaks could  not  
be  determined. 

Despite  these  problems, three segments were j o i n e d   i n t o  
a comple te   r ing .   In   genera l ,  MSFC demonstrated t h e  s p l i t -  
chamber t o  be a prac t ica l   concept   for   jo in ing   la rge   components .  

Non-Vacuum Elec t ron  B e a m  Weldincr ( 4  1 

An attempt  has  been ma,de f o r   u s i n g  a high-voltage non- 
vacuum e l e c t r o n  beam welding  system. (22 )  A newly  developed 
model w a s  de l ive red  t o  MSFC i n  1 9 6 9  by the  Westinghouse 
Astronuclear   Laboratory.  Powered  by 1 5 0  KV supp ly ,   t he  
welder i s  of a unique  compact  design. The power supply  and 

welding  gun,  complete  with a l l  high vacuum pumps and accesso- 
ries, are   assembled   in to  a 210-lb  package t h a t   c a n  be mounted 
i n   e i t h e r   t h e  down-hand or ho r i zon ta l   we ld ing   pos i t i on  
(Figure 6 - 9 ) .  It is  mounted  on a convent ional  side beam 
c a r r i a g e .   F l e x i b l e  l o w  vacuum l ines   permi t   the   weld ing   head  
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t o  b e   t r a v e r s e d   f o u r  feet  i n  a s t r a i g h t  l i n e .  The complete 
u n i t  i s  e n c l o s e d   i n  a l e a d   s h i e l d e d  room. 

Electron  emission  from an ind i r ec t ly   hea t ed   t ungs t en   rod  
i s  fo rced   t h rough   d i f f e ren t i a l ly  pumped o r i f i c e s  by a combi- 
na t ion  of electrostatic and   e lec t romagnet ic   e lec t ron   op t ica l  
systems. Maximum ope ra t ing  power i s  80 mA a t  150 kV. A 
p o s i t i v e   p r e s s u r e  i s  app l i ed  j u s t  b e l o w   t h e   e x i t  or i f ice  of 
t h e  gun. 

Welding  has  been  done on 1/4- inch  thick aluminum  and 
1/8-inch  and  1/2-inch  thick steel .  

I f  material were welded i n  one  atmosphere,  an EB system 
would  be as a p p l i c a b l e  as the   gas-arc   p rocesses .   But   th i s  
poses  no small chal lenge.  The concentrated stream of elec- 
t r o n s  t ha t  makes  low  energy  welding  possible  has  from  the 
o n s e t  of EB systems requ i r ed  a 'llow" atmospheric   pressure.  
A l o w  power d e n s i t y   b u t   v e r s a t i l e  EB system  would  only  be a 
r e g r e s s i o n ,   b e t t e r   l e f t   a l o n e .  It would  be  meaningful  only 
i f   t he   we lds   p roduced  were s i g n i f i c a n t l y   s u p e r i o r   t o  GTA 

and gas metal arc  (GMA) welds. A t  t h i s   d a t e ,   o u r  non-vacuum 
system  produces  aluminum  welds  definitely  inferior t o  hard 
vacuum welds ,   and   on ly   occas iona l ly   super ior  t o  GTA welds. 
Po ros i ty  i s  h ighly   unpredic tab le .  

But t o   o b t a i n  non-vacuum EB welds i n  aluminum t h a t  are 
similar i n   s h a p e  t o  hard  vacuum welds,  welding  must be done 
a t  more than  200 in/min. Narrow welds made a t  any  speed i m -  
pose s t r ic t  accuracy  requirements .   Transverse  deviat ions 
of t h e  beam f r o m  t h e   c e n t e r  of t h e   j o i n t ,   a n d   j o i n t   g a p s  of 
more than  0 . 0 0 5  i n c h   c a n   r e s u l t   i n   l a c k  of fus ion .  The 
s i t u a t i o n  i s  grea t ly   exaggera ted  when the  gun is moving a t  
2 0 0  inlmin.  A t  t h i s   s p e e d  a seam tracking  device  would  have 
t o  move t h e  gun   sys t em  l a t e ra l ly  0 . 0 0 5  i n c h   i n  3 1 / 3  inches  
of forward movement per  second.  Proximity of t h e  gun t o  t h e  
work, less t h a n  3/8 inch ,  i s  equa l ly  c r i t i ca l .  Even i f   t h e  
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power d e n s i t y  of t h e   e l e c t r o n  beam were inc reased  so t h a t  
much slower travel speed   could   be   used ,   tha t  is, 4 0  in/min 
vs 200 in/min,  accuracy of p a r t s   f i t - u p  would still be 
c r i t i ca l  and seam guidance  and  proximity  control  would still 

be   mandatory .   In   addi t ion ,   sh ie ld ing  of personnel  from 
x- rays   genera ted   by   the   h igh   vo l tage  means t h a t  remote 
monitoring of welding i s  necessary.  

I t  i s  c lear ,  t h a t  much analysis,   development,   and 
planning are necessary before the  system  can be considered 
a p p l i c a b l e   a n d   t h u s   v e r s a t i l e .   I n  a ra t iona l   approach  t o  
EB welding w e  must   recognize  and  accept   that   the   process  w i l l  
h a v e - l i m i t a t i o n s ,   j u s t   l i k e  any o the r   j o in ing   p rocess .  EB 

welding is  n o t   y e t  a panacea. 

Plasma E lec t ron  Beam Weldins 

A study w a s  c a r r i e d   o u t  by General Electr ic  Company t o  
develop a p lasma  e lec t ron  beam (PEB) system. ( 2 6 )  

PEB i s  a new kind  of e l e c t r o n  beam source  based  on a 
cold  hol low  cathode  gas   discharge  (Figure 6 - 1 0 ) .  With a 
p res su re  of about 1 0  microns of n i t rogen ,   for   example ,  a 
body  of  plasma f i l l s  the   ca thode   and   an   e lec t ron  beam forma- 
t i o n   t a k e s   p l a c e .  Beam c u r r e n t  i s  cont ro l led   by   vary ing   the  
gas   p re s su re   and   consequen t ly   t he   i n f lux   o f   pos i t i ve   i ons .  
The beam i s  focused  by a magnetic  lens  spaced 8 o r  1 0  inches  
from the   end  of the  cathode.   Capabi l i ty   of   this   equipment  
was demonstrated by a narrow  penetration  weld 1 3/4 inches  
deep   in to  5456 material. Po ros i ty  w a s  n o t   p r e s e n t  a t  t h e  
r o o t  of t h e  weld, i n d i c a t i n g  good e l e c t r o n  beam s t a b i l i t y  as 
compared t o  conven t iona l   e l ec t ron  beam welding  systems. The 
p r i n c i p l e   o f   o p e r a t i o n  i s  d i s c u s s e d   i n   d e t a i l   i n   t h e   f i n a l  
r e p o r t  from General Electric.  PEB o f f e r s   t h e   a d v a n t a g e s  of 
long   ca thode   l i f e   and  good  performance  under  poor vacuum 

condi t ions  where gaseous  contaminants may be   p resent .  Par ts  
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can  be  welded i n  an  atmosphere of about 75 microns. For 
we ld ing   s t ruc tu res   t oo   l a rge  t o  be c o n t a i n e d   i n  a vacuum 
chamber, i t  would seem feasible to  e x t r a c t   t h e   e l e c t r o n  beam 
i n t o  a small  chamber  which moves a long   the  weld seam main- 
t a i n i n g  a reduced  pressure by  means of a s l i d i n g  seal. 
Sciaky  Brothers,  sponsored by t h e  A i r  Force,  has  developed 
such a s l i d i n g  seal f o r   t h e i r  own " p a r t i a l "   p r e s s u r e  EB 
system. A re l iable  moving  chamber  and the   r e l a t ive ly   s imp le  
PEB system  would be a s i g n i f i c a n t   s t e p  toward v e r s a t i l i t y .  

The plasma  electron beam u n i t  i s  shown i n   o p e r a t i o n   i n  
Figure 6-11.  The cathode a t   t h e   t o p   o f  t h e  photo i s  emi t t ing  
an e l e c t r o n  beam through the focus   co i l  i n t o  a Faraday  cup. 
The photograph shows t h e  man peering  through  the  viewing 
po r t .  



Figure 6-1 1. Plasma Electron Beam Unit in operation. 
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6 . 3  Time-Temperature  Control  by  Cryogenic  Ci>oling 

Figures 6-2 and 6-3 suggest  that  the  strength of a 
welded  joint in.aluminum could be increased  by  shortening 
the  time at temperature. It can be achieved  by  the  absorp- 
tion of heat by  forced  cooling of the  base  plate  by  impinge- 
ment of cryogenic  liquids,  such as liquid C02 and  liquid 
nitrogen.  A  study was  conducted at Harvey  Aluminum of the 
effect of cryogenic  cooling  during  welding on properties  of 
weldments. (15) 

Experimental  Procedures (15 1 

Materials  selected  for  the  experimental  work  were 
aluminum  alloys  2219-T87  and  2014-T6  in  plate  thickness  of 
5/16 and 1/2  inch.  The  welding  process  selected was  gas 
tungsten  arc  welding,  D-C,  straight  polarity  with  helium 
shielding  gas  welding  done  from  one  side in the  horizontal 
position  using  2319  filler  wire  for  both  alloys.  One  pass 
was prescribed  for  the  5/16-inch  material  and  two  passes  for 
the  1/2-inch  material. 

Experimental  equipment  and  procedures  were  developed 
for  welding 12- by  48-inch  panels  with  sufficient  instru- 
mentation  to  monitor  pertinent  heat  input  and  extraction 
variables.  Weldment  temperatures  were  measured  by  thermo- 
couples  embedded in the  plate.  Limited  investigations  were 
conducted  for  measuring  weld  temperature  by  means  of  infrared 
radiometers. 

Two series  of  welded  panels  were  fabricated.  They  were 
bead-on-plate  and  square-butt  welds.  Table  6-1  shows  typical 
welding  parameters.  Half  of  each  series was  welded  without 
chilling  and  half  with  liquid C02  chilling,  attempting  to 

maintain  comparable  weld-bead  dimensions.  In  the  first  series, 
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TABLE 6-1. TYPICAL WELDING PARAMETERS USED IN THE HARVEY ALUMINUM STUDY. 

Penetration  Pass  Filler  Pass 
Plate 

Thickness 
(in) Arc Travel Arc Travel 

,T 
Speed  (ipm) (V) ( amp 1 Speed (ipm) (v) (amp) 4 

Wire Speed  Voltage Current  Wire Speed  Voltage Current 
h3 

5/16 " " " " 80 7- 10  11 215-220 

1/2 120  18 11 300 None 7 11 320-325 



c h i l l i n g  w a s  e f f e c t e d  from t h e   b a c k   s i d e  of t h e  weldment 
us ing  a doub le   l aye r  of g l a s s   t a p e  t o  prevent   deformation 
and  contaminat ion of the   unde rbead   by   t he   l i qu id  C02. I n  
the   second series, weldments were c h i l l e d  from t h e   f r o n t  
( t o r c h )   s i d e   u s i n g  a s h i e l d  t o  prevent   l eakage  of C 0 2  i n t o  
t h e  arc  area. Several   systems of j e t  or i f ice  s i z e s  and 
arangements were used fo r  each series. 

Comparable   unchi l led   and   ch i l led   weldments   for   bo th  
series were examined  by  X-ray,  fracturing,  and  macrosection- 
i n g .   T e n s i l e  tests were performed a f t e r   n a t u r a l   a g i n g ,  
a r t i f i c i a l   a g i n g ,   a n d   a f t e r   r e h e a t   t r e a t i n g  t o  t h e  T-6 

cond i t ion .  

Exper imenta l   Resul t s  (151 

Thermal  Cycle  Curves.  Figure 6-12 shows  examples  of 
t he rma l   cyc le   cu rves   fo r   po in t s  a t  3/8  and  3/4 inch ,   respec-  
t i v e l y ,  from the   we ld   cen te r l ine   on  1 2 -  by  48-inch b u t t  welds 

i n  1/2- inch  thick 2219-T87 p l a t e s .  Data are compared f o r   t h e  
unchi l led   weld   and   the   weld   ch i l led   wi th   the  J e t  System N o .  1 4 .  

* 

Macrosect ions.   In   most  cases, the   macrosec t ions  showed 
t h a t   c h i l l i n g   r e d u c e d   t h e   e x t e n t   o f   t h e   h e a t - a f f e c t e d   z o n e ,  
and   r educed   t he   g ra in   s i ze   o f   t he  ca s t  s t r u c t u r e .  For example, 
F igu re  6-13  shows  comparisons of macrosec t ions   o f   t he   unch i l l ed  
and   t he   ch i l l ed   we ld   i n   1 /2 - inch   t h i ck  2219-T87 p l a t e .  

Tens i le   Proper t ies .   Spec imens  were s e l e c t e d  from c h i l l e d  
and   unch i l l ed   we ld   pane l s   o f   each   a l loy   and   each   t h i ckness   fo r  
room-tempera ture   t ens i le  tests. The s e l e c t i o n  w a s  made on t h e  
basis of X-rays  which  indicated less than  1 p e r c e n t   p o r o s i t y .  

* 
Je t  System N o .  1 4  w a s  d e s i g n e d   f o r   f r o n t - s i d e   c h i l l i n g ,  

us ing  a c r y o g e n i c   l i q u i d .  It  u t i l i z e d  a t r a v e l i n g   s h i e l d  
wi th  a spr ing-loaded,  metallic wool-and-wire  brush seal  and a 
m e t a l l i c - s h i r t ,  7-jet manifold  for   hel ium  purging.  
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A l l  specimens were c u t  t o  3/4- inch  wide  s t ra ight-s ided bars 
wi th   t he   we ld   t r ansve r se   and   we ld   bead   i n t ac t .  One group of 
specimens f r o m  each  panel  w a s  a r t i f i c a l l y   a g e d  t o  t h e  -T6 

c o n d i t i o n   a f t e r   w e l d i n g .  A l l  tests were performed a t  room 
temperature .  

Table 6-2 summar izes   average   t ens i le  values ob ta ined  
f o r   a r t i f i c a l l y   a g e d   s p e c i m e n s ,   a n d   T a b l e  6-3  shows such 
values fo r  na tura l ly   aged   spec imens .  

Y i e l d   s t r e n g t h s  are s u b s t a n t i a l l y   i n c r e a s e d  by c h i l l i n g  
f r o m  t h e   f r o n t   s i d e .  The g r e a t e s t   i n c r e a s e   i n   a v e r a g e  values 
w a s  1 7 . 8   p e r c e n t   f o r   a r t i f i c a l l y   a g e d   w e l d s   i n   1 / 2 - i n c h  
2014-T6 p l a t e .  The g r e a t e s t   i n c r e a s e   i n   a v e r a g e   y i e l d   s t r e n g t h  
f o r   w e l d s   i n  2219-T87 p l a t e  was 8 .8   pe rcen t   ( fo r   we lds   i n  
5 /16 - inch   a r t i f i ca l ly   aged   spec imens ) .  

Po ros i ty .  It w a s  found  tha t   poros i ty   could   be   reduced  
by c r y o g e n i c   c o o l i n g   ( r e f e r  t o  Chapter  5 . 5 ) .  Approximately 
60  pe rcen t  of the   unchi l led   weld   samples   conta ined   poros i ty  
ranging f r o m  1 / 2  t o  20 p e r c e n t  of t h e   c r o s s - s e c t i o n a l  area, 
whi le  more than  9 0  percent   o f  the c h i l l e d   w e l d s  were f r e e  of 
p o r o s i t y .  

D i s t o r t i o n .   S e v e r a l   p a n e l s   f a b r i c a t e d  by c h i l l i n g   f r o m  
the f r o n t   s i d e   r e m a i n e d   e s s e n t i a l l y  f l a t  a f t e r   we ld ing ,   ex -  
h i b i t i n g  almost no l o n g i t u d i n a l  bow o r  peaking.   Unchi l led 
weld  panels   have  contained a l o n g i t u d i n a l  bow up t o  1 1 / 2  i nch  
and  peaking t o  1 0  deg,  depending  upon  the  amount  of heat i n p u t .  
The e f f e c t i v e n e s s   o f   c r y o g e n i c   c o o l i n g   o n   d i s t o r t i o n   c o n t r o l  
w a s  i n v e s t i g a t e d   i n   a n o t h e r   c o n t r a c t  a t  Harvey Aluminum. ( 2 4 )  
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TABLE 6-2. EFFECT OF FRONT-SIDE CHILLING ON TENSILE PROPERTIES OF WELDMENTS, 
ARTIFICIAL AGING. 

Weldment 
Material  

5/ 16-in.  201 4-T6 

1/ 2-in.  201  4-T6 

5/16-in.  2219-T87 

1/2-in.  2219-T87 

1 Average  Tensile  Strengths  (ksi) 

Chill 
System 
(No.) Unchilled 

1 8  33.9 
18  37.1 
19  32.5 
23  36.3 

1 8  
34.  4 19 
30.  9 

34. 0 19 

l9 1 31.9 
19 

35.1  23 
' 35.4 

1 8  

ii 1 35.1 

35.1 
34.2 

Yield 

Chilled 

36.9 
39.9 
34.7 
39.0 

36.  4 
38.  9 
38.  7 

33. 2 
38.5 
36.0 

36.7 
36. 0 
36.6 

r 
Change ( '70) 

+ 7.7  
+ 7 .6  
+ 6.  8 
+ 7.5  

+ 17.8  
+ 14.4 
+ 13.8 

+ 4. 2 
+ 8.  8 
+ 2. 6 

+ 4.6 
+ 6 . 4  
+ 4.3 

Unchilled 

45.9 
49.0 
44. 8 
48.5 

47. 0 
47.2 
47.  2 

38.  4 
40. 4 
42,5 

46.  8 
43.7 
45.0 

Ultimate 

Chilled 

41.3 
48.3 
42.3 
47.5 

47.3 
47.6 
48.7 

39.0 
44.  7 
40. 7 

48.1 
45.6 
46. 8 

Change (YO) 

-10.0 
- 1 . 4  
- 5.6  
+ 2 . 0  

+ 0 . 6  
+ 0.1 
+ 3.2  

+ 1.6 
+ lo .  7 
- 4. 2 

+ 3 . 4  
+ 4. 3 
+ 4.0 
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TABLE 6-3. EFFECT  OF FRONT-SIDE CHILLING ON TENSILE  PROPERTIES OF WELDMENTS, NATURAL AGING. 

Weldment 
Material 

Chill 
System 
(No. ) 

5/16-in. 2014-T6 
19 
18  

23 

1/2-in. 2014-T6 
19 
19 

5/16-in. 2219-T87 
19 
23 

1/2-in. 2219-T87 
19 
18 

23 

r t 
Unchilled 

Average  Tensile  Strengths  (ksi) 

32.7 
33.  5 
33. 0 

28. 8 
28.8 

24.2 
25.5 

20.9 
19.7 
21.7 

Yield 

Chilled 

34. 5 
36.6 
35.5 

32.1 
33.2 

26.8 
25.7 

22.5 
20.2 
21.6 

+ 5.6 
+ 9.3 
+ 7.6 

+ 11.5 
+ 15.5 

+ 2.6 
+ 0. 8 

+ 7 . 7  
+ 2.5 
- 0.5 

1- 

Unchilled 

45.5 
40.2 
49.7 

47.4 
47.4 

37.8 
36.1 

40. 4 
38.8 
39.4 

Ultimate 

Chilled 

45.2 
40.4 
45.5 

48.3 
49.0 

40.5 
37.3 

41.5 
40.1 
40.8 

Change (7') 

-0.6 
+o. 5 
-8.5 

+l. 9 
t 3 . 4  

+2.5 
+3.3 

+2. 7 
+3.8 
+3.6 





CHAPTER 7 

Residual Stresses and  Distor t ion 

An important  problem  facing  engineers  engaged  in  welding 
f ab r i ca t ion   o f  aluminum s t r u c t u r e s  is t h a t   r e s i d u a l  stresses 
and d is tor t ion .   Cont ro l   o f  weld d i s t o r t i o n  is genera l ly  more 
of a problem i n  aluminum s t r u c t u r e s   t h a n  steel  s t r u c t u r e s  
because : 

1) 

2) 

3 )  

Due 

Aluminum, compared with steel ,  has   h igher   hea t  
conduct ivi ty .   Therefore ,   the   welding  heat   spreads 
i n  wider   areas ,   or   expansion  and  contract ion  occur  
i n   l a r g e r  areas. 

Aluminum has a l a rge r   coe f f i c i en t   o f   t he rma l  
expansion  than steel. 

Many aluminum a l loys   have   ra ther  low y i e l d   s t r e n g t h s ,  
thus  producing  large  plast ic   zones  near   the w e l d .  

t o  combined e f f e c t s  of these fac to r s ,   cons ide rab le  
amounts  of  thermal stresses are produced  during  welding i n  
a r eas   ad j acen t  t o  the  welding arc. These  thermal stresses 
may cause  joint   mismatch,  when t h e   j o i n t  i s  n o t   t i g h t l y  
clamped. When welding i s  comple ted ,   h igh   tens i le   res idua l  
stresses are  produced i n  areas near  the  weld  which  can  cause 
considerable   shr inkage  and  dis tor t ion.  



7.1 Analys is  of Thermal Stresses during  Welding 

Several aerospace   companies   have   encountered   d i s tor t ion  
p rob lems   du r ing   f ab r i ca t ion  of the Sa turn  V components 
i n c l u d i n g  welded fue l   and   ox id i ze r   t anks .   A l though   p roduc t ion  
prac t ices   have   been   deve loped  t o  t empora r i ly  overcome t h e s e  
problems,  they are e m p i r i c a l   s o l u t i o n s   a n d  little i s  known 
about   the   mechanisms  caus ing   such   d i s tor t ion .  It i s  e s s e n t i a l  
t o  unders tand   the   mechanisms  in   o rder  t o  develop  methods f o r  
m i n i m i z i n g   d i s t o r t i o n  effects d u r i n g   f a b r i c a t i o n  of f u t u r e  
v e h i c l e s .  

MSFC recognized  the importance of conduct ing research 
on   mathemat ica l   ana lys i s  of thermal stresses and metal move- 
men t   du r ing   we ld ing   and   suppor t ed   s tud ie s   a t  Battelle 

Memorial I n s t i t u t e   a n d   M a s s a c h u s e t t s   I n s t i t u t e  of Technology. 
Computer  programs have been  developed t o   c a l c u l a t e   t r a n s i e n t  
thermal  stresses i n  areas su r round ing   t he  moving  welding arc 
a n d   r e s u l t i n g   r e s i d u a l  stresses. 

* 

Technical  Background  on  Analysis  and 
Cont ro l  of Weld D i s t o r t i o n  

T h i s  s e c t i o n   p r e s e n t s  a brief technica l   background  on  
t h e   a n a l y s i s   o f  thermal stresses and metal movement dur ing  
w e l d i n g .   D i s c u s s i o n s   i n   t h i s   s e c t i o n  are l imited t o  those  
subjec ts   which  are d i r e c t l y   r e l a t e d  t o  t h e   s t u d i e s  a t  
Bat te l le  and M.I .T .  and a number of o t h e r   s u b j e c t s   o n   v a r i o u s  
types   o f  w e l d  d i s t o r t i o n  are not   covered.  

A recent   Welding Research Counc i l   Bu l l e t in  N o .  1 4 9  
en t i t l ed   "Con t ro l   o f   D i s to r t ion   and   Sh r inkage   i n   Weld ing"  

* 
D r .  Koichi  Masubuchi, who was the p r i n c i p a l   i n v e s t i g a t o r  

of the B a t t e l l e   s t u d y   j o i n e d  t h e  Facul ty   o f  M . I . T .  i n  1 9 6 8 .  
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is an interpretive  report  covering  the  development  of 
analytical  means  for  predicting  and  controlling  various 
types of weld  distortion. (58) The  material in this  section 
is  a  condensation  of  this  report. 

Welding  Thermal  Stresses.  Because  a  weldment is 
locally  heated  by  the  welding arc, the  temperature  distribu- 
tion  in  the  weldment is not  uniform  and  changes as welding 
progresses.  This  non-uniform  temperature  distribution 
causes  thermal  stresses  in  the  weldment,  which  also  change 
as  welding  progresses.  The  major  effort  in  the  studies at 
Battelle  and M.I.T. has  been to develop  computer  programs 
to  analyze  such  thermal  stresses  during  welding  and  also  the 
resulting  residual  stresses. 

Figure  7-1  shows  schematically  how  welding  thermal 
stresses  are  formed.  Figure  7-la  shows  a  bead-on-plate 
weldLin  which  a  weld  bead  is  being  laid at a  speed v. 0-xy 
is  the  coordinate  system:  the  origin, 0, is on the  surface 
underneath  the  welding arc, and  the  x-direction  lies in the 
direction  of  welding. 

Figure  7-lb  shows  temperature  distribution  along  several 
cross  sections.  Along  Section  A-A,  which  is  ahead  of  the 
welding  arc,  the  temperature  change  due  to  welding, AT, is 
almost  zero  (Figure  7-lb-1).  Along  Section B-B, which  crosses 
the  welding  arc,  the  temperature  distribution  is  very  steep 
(Figure  7-lb-2).  Along  Section C-C, which  is  some  distance 
behind  the  welding  arc,  the  distribution  of  temperature  change 
is as  shown in  Figure 7-lb-3.  Along  Section D-D, which is 
very far  from  the  welding arc, the  temperature  change  due  to 
welding  again  diminishes  (Figure  7-lb-4). 

Figure  7-lc  shows  the  distribution  of  stresses  along 
these  sections in the x-direction, ox. Stress  in  the 
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I A T Z 0  Stress ~0 

I .  Section A - A  

Deformation 
V 

3. Section C - C 

Residual 

a.  Weld 

4. Section D - D 

b. Temperature Change c.  Stress mX 

Figure 7-1. Schematic  representation of changes of temperature 
and stresses during welding. 
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y-direction, CT and  shearing  stress, T also  exist  in  a 
two-dimensional  stress  field  (Figure  7-la). 

Y' XY' * 

Along  Section A-A, thermal  stresses  due  to  welding  are 
almost  zero  (Figure  7-lc-1).  The  stress  distribution  along 
Section B-B is shown  in  Figure  7-lc-2.  Stresses  in  areas 
underneath  the  welding  arc  are  close  to  zero,  because  molten 
metal  does  not  support  loads.  Stresses  in  areas  somewhat 
away  from  the  arc  are  compressive,  because  the  expansion  of 
these  areas  is  restrained  by  surrounding  areas  that  are 
heated  to  lower  temperatures.  Since  the  temperatures  of 
these  areas  are  quite  high  and  the  yield  strength of the 
material  is  low,  stresses  in  these  areas  are  as  high  as  the 
yield  strength  of  material  at  corresponding  temperatures. 
The  amount  of  compressive  stress  increases  with  increasing 
distance  from  the  weld or with  decreasing  temperature.  How- 
ever,  stresses  in  areas  away  from  the  weld  are  tensile  and 
balance  with  compressive  stresses  in  areas  near  the  weld. 
In  other  words, 

across  Section B-B. Thus,  the  stress  distribution  along 
Section B-B is  as  shown  in  Figure  7-lc-2. 

** 

Stresses  are  distributed  along  Section C-C as  shown  in 
Figure  7-lc-3.  Since  the  weld-metal  and  base-metal  regions 
near  the  weld  have  cooled,  they  try  to  shrink  causing  tensile 
stresses  in  areas  close  to  the  weld. As the  distance  from 
the  weld  increases,  the  stresses  first  change  to  compressive 
and  then  become  tensile. 

* 
In  a  generalthree-dimensional  stress  field,  six  stress 

components, cs cs cs T 'I exist. x'  y' 2' xy'  zy' **  
Equation (7-1) neglects  the  effect  of CT and T on 

the  equilibrium  condition. Y  XY 
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Figure  7-lc-4  shows  the  stress  distribution  along 
Section D-D. High  tensile  stresses  are  produced  in  areas 
near  the  weld,  while  compressive  stresses  are  produced  in 
areas  away  from  the  weld.  The  distribution  of  residual 
stresses  that  remain  after  welding  is  completed  as  shown 
in  the  figure. 

The  cross-hatched  area, M", in  Figure  7-la  shows  the 
region  where  plastic  deformation  occurs  during  the  welding 
thermal  cycle.  The  elipse  near  the  origin 0 indicates  the 
region  where  the  metal  is  melted.  The  region  outside  the 
cross-hatched  area  remains  elastic  during  the  entire  welding 
thermal  cycle. 

Metal  Movement  during  Welding.  Welding  thermal  stresses 
cause  metal  movement  during  welding.  There  are  two  major 
types of metal  movement.  The  first  type  involves  motion  in 
the  plane  of  the  plate,  that.  is  opening or closing  of  the 
joint  gap  ahead  of  the  weld. 

The  second  type  involves  motion  out of the  plane  of  the 
plate,  that  is  either  bending  due  to  temperature  variations 
in  the  thickness  direction or buckling  due  to  compressive 
thermal  stresses.  This  out-of-plane  metal  movement  often 
causes  joint  mismatch. 

Development of Techniques  for  Analyzing 
Thermal  Stresses  and  Metal  Movement 

As  shown  in  Figure- 7-1, thermal  stresses  during  welding 
are  produced  by  a  complex  mechanism  which  involves  plastic 
deformation  at  a  wide  range  of  temperatures  from  room  tempera- 
ture  up  to  the  melting  temperature.  Because  of  the  difficulty 
in  analyzing  plastic  deformation,  especially at elevated 
temperatures,  mathematical  analyses  conducted  in  the  past 
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are l i m i t e d  t o  s imple cases such as s p o t  welding. 
*** 

However, on   t he   bas i s   o f   r ecen t   deve lopmen t   i n   compute r  
technology, it a p p e a r s   t h a t  w e  are on   t he   ve rge  of technologi-  
cal  breakthrough as f a r  as t h e   a n a l y s i s   o f   t h e r m a l  stresses 
during  welding are concerned. The fo l lowing   pages   descr ibe  
recent   developments  made a t  Battelle and M.I.T. 

Bat te l le  Computer  Analysis.  Under a r e c e n t   c o n t r a c t   f o r  
Reds tone   Sc ien t i f i c   In fo rma t ion   Cen te r ,  U. S. Amy Missile 
Cbmmand, Masubuchi, Simmons, and Monroe of Battelle Memorial 
Ins t i tu te   deve loped   computer   p rograms fo r  c a l c u l a t i n g   t h e r m a l  
stresses i n  bead-on-plate  welding. The Battelle s tudy  
uses   the   t echnique   which  w a s  o r i g i n a l l y   d e v e l o p e d   i n  1 9 6 4  by 
Tal l .  

( 2 9 )  

(59 , 60) 

I n   t h e  Battelle a n a l y s i s ,  it was assumed t h a t  (1) t h e  
l o n g i t u d i n a l  stress, ax,  i s  a f u n c t i o n  of y only  and ( 2 )  0 

Y 
and T are z e r o  (see F igure  7 - 1 ) .  Details of t h e  Bat te l le  

a n a l y s i s  are r e p o r t e d   i n  RSIC-820. 
XY 

First, the   t empera tu re   d i s t r ibu t ion   a round   t he  moving 

arc i s  c a l c u l a t e d .  Then t h e  stress f i e l d  i s  d i v i d e d   i n t o  a 
set  of t r a n s v e r s e   s t r i p s   o f   w i d t h ,  h o ,  as shown i n   F i g u r e  7-2. 

The t i m e  i n t e r v a l s   r e p r e s e n t e d   b y  t h e  s t r i p   w i d t h   m u s t   b e  
s h o r t  enough so t h a t  the  temperature   and thermal stress f o r  
each  increment  may be  regarded as b e i n g   c o n s t a n t .   S i n c e   t h e  
g rea t e s t   changes  i n  tempera ture   occur   near   the  arc ,  narrow 
s t r i p s  are used i n  areas n e a r   t h e  arc 

The c a l c u l a t i o n  starts on a s t r i p  some d is tance   ahead  
of   the  welding arc where  the  temperature  change i s  n e g l i g i b l e  
and stresses are pure ly  elastic.  T i m e  zero  i s  f ixed   on  the 
s t r i p .   F o r   e x a m p l e ,   i n   t h e   c a l c u l a t i o n s  shown l a t e r  

x * *  
The Welding Research Counc i l   Bu l l e t in  1 4 9  d i s c u s s e s   t h e  

h i s t o r i c a l   t r e n d   i n   t h e   d e v e l o p m e n t   o f   t e c h n i q u e s  f o r  analyz-  
ing   thermal  stresses dur ing   we ld ing   and   r e su l t i ng   r e s idua l  
stresses. (581 
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Figure 7-2. Dividing the stress field into transverse strips for calculating 
thermal  and residual stresses. 
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(Figures 7-3 through 7-61, the  heat  source is located at 
T = 9 seconds.  Since  the  welding  speed  in  this  particular 
case  is 0.233 ips,  or 14 ipm,  the  calculation  starts at a 
strip 2.1 inches (0.233 x 9) ahead of the  arc. 

First,  stresses  in  the  strip  crossing  the  origin, 0, 

are  calculated  based on elasticity  theory.  Then,  stresses 
in  the  second  strip  are  calculated  by  adding  stresses  due 
to  the  temperature  increment.  In  this  case,  analysis  is  made 
whether  or  not  any  plastic  deformation  takes  place. It is 
assumed  that  the  amount of stresses  at  a  given  point  does 
not  exceed  the  yield  stress of the  material at the  tempera- 
ture of that  point.  Similar  analyses  are  conducted  step 
by step  on  the  following  strips.  Thus  the  stress  distribution 
in  the  entire  f2eld is determined. 

The  program  is  written  in FORTRAN IV computer  language 
for  use on  a  Control  Data  Corporation  (CDC) 6400 computer 
system  including  a  Cal-Comp  plotter.  The  FORTRAN  language 
is  common  in  computer  programming  and  can  be  adapted  readily 
to  any  other  computer  that  has  a  FORTRAN  compiler  program. 

M.I.T. " ~ One-Dimensional  Analysis.  The  Battelle  program 
was  improved  during  a  study at M.I.T.  completed  in  October, 
1970. Table 7-1 presents  comparison  between  the  Battelle 
program  and  the  M.I.T.  program.  Although  both  of  them  are 
one-dimensional  analyses,  the  M.I.T.  program  has  several 
improvements  over  the  Battelle  program. 

For example,  strain  hardening of the  material  is 
considered  in  the  M.I.T.  program,  while  the  material  is 
assumed  to  be  perfectly  plastic  in  the  Battelle  program. 
In  both  programs,  however,  the  yield  strength, 0 ys, changes 
with  temperature.  The  M.I.T.  program  includes  the  analysis 
of strain  which  is  important  in  comparing  results  of  the 
theoretical  study  with  experimental  data.  In  the  experimental 
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TABLE 7- 1. COMPARISON  BETWEEN  THE  BATTLLE PROGRAM AND 
THE M. I. T. PROGRAMS. 

Type  of  Weld 
Analyzed 

Configuration 

Stress  Analysis 

Naterial Behavior 

Analysis  of  Strain 

Temperature  distribution 

~ ~- 

Battelle  Program 
- ~ 

Bead-on-plate 

Flat plate with 
finite  width 

" 

Longitudinal  stress 
only 

" . - 

Perfectly  plastic* 

" "- 

Not  included 

Calculated by same 
program 

~. "" -~ 

M . I. T . Program 
-~ " . - . . 

Bead-on-plate,  Edge, 
and  Butt  weld 

~ _____ 

Flat plate  with 
finite  width 

Longitudinal  stress 
only 

Strain  hardening  (linear 
included* 

Includes  total  strain and 
plastic  strain 

Calculated  by  separate 
program.  Distributions 
from  other  sources  may 
be  used  for  stress 
calculation 

*Yield strength  varies  with  temperature. 
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a n a l y s i s ,  s t r ahs  rather than  stresses are commonly measured. 

The M.I.T. program is w r i t t e n   i n  FORTRAN I V  f o r   u s e  on 
an IBM 360/65  computer. 

M.I.T. Two-Dimensional Analysis.  Under a c u r r e n t  
c o n t r a c t   f o r  MSFC, a s tudy is being  conducted a t  M.I.T. t o  
develop a two-dimensional  analysis  of thermal stresses during 
welding. All three components, ox, CT and 7: are analyzed 
as func t ions  of x and  y. The a n a l y s i s   u s e s   t h e   f i n i t e -  
element  method. 

Y'  XY 

The f in i te -e lement  method i s  an  approximate stress 
ana lys is   t echnique  which y i e l d s   a c c u r a t e   s o l u t i o n s  fo r  
complex  problems  by  use  of a high-speed  computer. This 

method, which was o r ig ina l ly   deve loped   i n  the aircraf t  
industry,   has   been  successful ly   appl ied t o  a wide   var ie ty  
of problems. 

Examples of Ana ly t i ca l   Resu l t s  

Figures  7-3 through 7-6 shows r e s u l t s  of an  example. 
I n  this par t icu lar   example ,   ca lcu la t ions  are made under the 

fol lowing  condi t ions:  

Aluminum a l l o y  2014-T6, 1 / 4  inch  thick 
Plate width: 8 inches 
Welding  current: 254 amp 
A r c  vol tage:  1 0  v 
Arc travel   speed:   0 .233  ips  (14  ipm) 
A r c  e f f i c i e n c y :  80% * 

Except f o r  some letters such as "Center  Line, 'I "1 inch  
out  from I' and  "Edge" i n   F i g u r e  7-3 and "100 F,"  "200 F," 
etc. ,  i n   F i g u r e  7-4,  most l i nes   and  letters i n   F i g u r e  7-3 
through 7-6 are p lo t t ed   by  a Cal-Comp p l o t t e r .   I n  other 

* 
It is assumed that  80% of the energy  generated  by the 

arc i s  t r ansmi t t ed  t o  the p l a t e .  
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words,  a  computer  provides  not  only  a  print-out  sheet  but 
also  figures  already  printed  as  shown in Figures 7-3 through 
7-6. 

Figure 7-3 shows  temperature  changes  along  the  weld 
center  line (y = 01, y = 1 inch,  and  y = 4 inches.  The 
abscissa  is  given  in  terms  of  time,  and  the  arc  is  located 
at 9 seconds.  Each  curve,  therefore,  also  can  be  considered 
as  a  curve  showing  the  thermal  cycle of a  point  some  distance 
away  from  the  weld. 

Figure 7-4 shows  the  isotherm  pattern  around  the  arc. 
Again  the  time  scale  can  be  interpreted  as  the  longitudinal 
coordinate  x. 

Figure 7-5 shows stress  changes  along y = 0, 1 and 
4 inches.  Along  the  weld  center  line  (y = 0 ) ,  stresses  are 
in  compression  in  areas  ahead  of  the  arc. As the  arc  approaches 
the  point,  the  absolute  value  of  the  compressive  stress  first 
increases  and  then  decreases  as  the  temperature  increases.  At 
the  point  below  the arc,  the  stress  is  zero.  Stresses  are  in 
tensile,  in  areas  behind  the  arc,  since  cooling  takes  place  in 
these  areas. 

Figure 7-6 shows  the  isostress  pattern  around  the  arc. 
There  is  a  high  compressive  stress  area  shortly  ahead  of  the 
heat  source;  however,  values of compressive  stresses  are  very 
low  in  high-temperature  areas  very  close  to  the  heat  source. 
There is a  narrow  tensile-stress  zone  along  the  center  line 
behind  the  heat  source,  and  compressive-stress  zone  expands 
outwards  in  a  horseshoe  ghape. 

From  the  standpoint  of  metal  movement  in  the  thickness 
direction  during  welding  which  causes  joint  mismatch,  the 
compressive  stress  zone  appears  to  be  of  particular  importance. 
If  the  plate  is  thin,  or  the  compressive-stress  zone  is  large, 
the  plate  may  buckle  during  welding.  Distortion in the 
thickness  direction also may  be  caused  if  the  temperature  and 
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stress d i s t r i b u t i o n s  are n o t   u n i f o r m   i n   t h e   t h i c k n e s s  
d i r e c t i o n .  

E f f e c t s  ." of  Welding Parameters 

An impor t an t   bene f i t   o f   t he   compute r   ana lys i s  i s  t h a t  
once the program i s  developed it i s  r e l a t i v e l y  less expen- 
s ive  t o  c o n d u c t   c a l c u l a t i o n s   u n d e r   d i f f e r e n t   c o n d i t i o n s .  
M.I .T.  r e s e a r c h e r s   s t u d i e d   e f f e c t s  of welding  parameters   on 
thermal  stresses during  welding of 2219-0 aluminum p l a t e s  
a n d   r e s u l t i n g   r e s i d u a l  stresses. 

* 

Welding  Parameters  Used i n   t h e   A n a l y s i s .   T a b l e  7-2 

shows v a l u e s   o f   w e l d i n g   p a r a m e t e r s   u s e d   i n   t h e   s i x t e e n  cases 
s t u d i e d .  The d e f i n i t i o n s   o f   l i n e a r   n e t   h e a t   i n p u t ,   h ,   a n d  
l i n e a r   n e t   h e a t   i n t e n s i t y ,  q ,  are: 

h = H/T q = Q/T H = Q/v (7 -1 )  

where 
Q = n-V-1, thermal  power of h e a t   s o u r c e   i n  watts o r  

joules/second 
n = a r c   e f f i c i e n c y  
V = a r c   v o l t a g e  
I = arc c u r r e n t  
v = welding   speed   in   inches /second 
T = p l a t e   t h i c k n e s s ,   i n c h  

From t h e   d e f i n i t i o n s ,  q i s  the i n t e n s i t y   o f  a l i n e  heat 
sou rce ,  o r  the average  value  of  the i n t e n s i t y   o f  heat source  
i n  t h e  t h i c k n e s s   d i r e c t i o n ;   t h e r e f o r e ,  q i s  c a l l e d  t h e  " l i n e a r  

* 
An e x p e r i m e n t a l   i n v e s t i g a t i o n  w a s  made on  bead-on-plate 

w e l d s   i n  2219-0 a l l o y  as d i scussed  later. 
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TABLE 7-2. WELDING  PARAMETERS USED IN THE ANALYSIS 

Arc T r a v e l   S p e e d ,   L i n e a r  N e t  * 

I 

I 
I 

1 5 

2 l 5  * 1 0  1 0  

8 1 0  

9 

20 12 
20  11 

20 1 0  

20 

13 

30 16 

30 15 

30 14 
30 

0.0833 

80 , 000 0.0833 
56,000 0.0833 
32,000 0.0833 
1 0  , 000 

0.1667 

80,000 0.1667 
56,000 0.1667 
32 , 000 0.1667 
10  , 000 

0.333 

80,000 0.333 
56 , 0 0 0  0.333 
32,000 0.333 
1 0 , 0 0 0  

0.500 

80 , 000  0 . 5 0 0  
56 , 000 0 .500  
32,000 0.500 
1 0 , 0 0 0  

L i n e a r  N e t  
Heat I n t e n s i t y ,  q 
j o u l e s / s e c / i n c h  

833 
2,667 

4,667 
6 ,667  

1 , 6 6 7  

5 ,333  

9 ,333  
1 3  , 333 

3 , 333  

10 ,667  

18 ,667  

26,667 
- 

5 , 0 0 0  

16 , 000 

28 , 000 

40  , 0 0 0  

I 

Values  of h and  q are a c t u a l   v a l u e s   s u p p l i e d  t o  the p l a t e .  
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n e t   h e a t   i n t e n s i t y . ! '  The va lue  h i s  t h e   n e t   h e a t   i n p u t  
supp l i ed  t o  u n i t   p l a t e   t h i c k n e s s ;   t h e r e f o r e ,  it i s  called 
t h e   " l i n e a r   n e t   h e a t   i n p u t .  " 

As shown i n  Table 7-2, welding  speed, v ,  w a s  changed 
i n   f o u r  levels 5 ,  10, 20 ,  and 30 inches   per   minute ,  o r  
0.0833,  0.1667,  0.333,  and 0.500 inches   per   second.   L inear  
n e t   h e a t   i n p u t ,   h ,  w a s  a l so  changed i n  f o u r  levels, 10,000, 
32,000,  56,000,  and  80,000  joules/inch/inch. When t h e   v a l u e  
of arc e f f i c i e n c y  i s  0 . 7 ,  f o r  example,   these n e t  h e a t   i n p u t  
va lues   cor respond t o  14,300,  45,700, 80,000, and 1 1 4 , 0 0 0  
j ou le s / inch / inch ,   r e spec t ive ly   we ld ing   hea t   i npu t .  

I t  must  b e   m e n t i o n e d   t h a t   l i n e a r   n e t   h e a t   i n p u t ,   h ,   a n d  
welding  speed, v ,  are not   independent ,  as shown f r o m  
Equation (7 -1 ) .  For  example, when v i s  inc reased  t o  2v, 
whi le  q i s  unchanged, h w i l l  be   reduced t o  1 / 2  h .   F igu re  7-7 
shows welding  parameters   used for t h e  1 6  cond i t ions   s tud ied .  
The v a l u e   o f   l i n e a r   n e t   h e a t   i n t e n s i t y  q i s  t h e  lowest f o r  
Case 1 wi th  l o w  h e a t   i n p u t   a n d  s l o w  welding  speed,   while  i t  
i s  t h e  h i g h e s t   f o r  Case 1 6  w i th   h igh   hea t   i npu t   and  fas t  
welding  speed. 

All c a l c u l a t i o n s  were conducted  on  bead-on-plate  welding 
a l o n g   t h e   l o n g i t u d i n a l   c e n t e r   l i n e   o f  a i n f i n i t e l y   l o n g   s t r i p ,  
1 8  i nches  w i d e .  

Resu l t s  of the   Ana lys i s .  The a n a l y s i s   i n c l u d e d   e f f e c t s  
of  welding  parameters  on: 

(1) High t e n s i l e   t h e r m a l  stresses i n  areas behind 
t h e  arc 

( 2 )  Compressive thermal stresses i n  areas ahead of 
t h e  a rc  

( 3 )  S i z e   o f   p l a s t i c  zone 
( 4 )  Residual  stress d i s t r i b u t i o n s .  
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Figure 7-7. Welding parameters used for  the  sixteen  conditions  studied. 
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I n   o r d e r  t o  k e e p   t h e   s i z e   o f  this r e p o r t  t o  a minimum, 
t h e   f o l l o w i n g   p a g e s   d i s c u s s   o n l y   t h e  l a s t  subject: effects 
on  welding  parameters   on  res idual  stress d i s t r i b u t i o n s .  

F igu re  7-8 shows d i s t r i b u t i o n s  of l o n g i t u d i n a l   r e s i d u a l  
stresses f o r  Cases 2 ,  6 ,  1 0 ,  and 1 4  (h = 3 2 , 0 0 0  j o u l e s / i n  ) .  2 

High t e n s i l e  stresses are produced i n  areas near the   we ld ,  
w h i l e  compressive stresses are produced i n  areas away from 
the   weld .  The maximum va lue  of r e s i d u a l  stress a t  the   weld  
c e n t e r   l i n e  i s  about 1 1 , 0 0 0  p s i ,  which i s  t h e   y i e l d  stress 
l e v e l  a t  room tempera tu re ,   r ega rd le s s  of weld ing   condi t ions .  

However, t he   w id th  of t e n s i l e   r e s i d u a l  stress zone i s  
a f f e c t e d  by  welding  parameters .   In   the cases shown i n  
F igu re  7-8, fo r   example ,   t he  w i d t h  o f   t e n s i l e  stress zone 
i n c r e a s e d  as the   weld ing   speed   increased ,   whi le   keeping   the  
l i n e a r   h e a t   i n p u t ,   h ,   c o n s t a n t .  

F igu re  7-9 shows the h a l f   w i d t h   o f   t e n s i l e   r e s i d u a l  
stress zone as a f f e c t e d  by l i n e a r   n e t   h e a t   i n p u t ,   h ,   a n d  
welding  speed, v;  whi le  F igu re  7-10 shows t h e   h a l f   w i d t h  of 
t e n s i l e   r e s i d u a l  stress z o n e   a s   a f f e c t e d  by l i n e a r   n e t  heat 
i n t e n s i t y ,  q, and  welding  speed, v. 

Figures  7-9 and 7-10 show t h a t   l i n e a r   n e t   h e a t   i n p u t ,   h ,  
i s  t h e  most s i g n i f i c a n t   f a c t o r   t h a t   a f f e c t   t h e  w i d t h  o f   t e n s i l e  
r e s i d u a l  stress zone,  and i t  i n c r e a s e s   w i t h   i n c r e a s i n g   h e a t  
i n p u t .  The e f f e c t   o f   h e a t   i n p u t ,   h o w e v e r ,  is  n o t   l i n e a r .  The 

i n c r e a s e   i n   t h e   w i d t h   o f   t e n s i l e   r e s i d u a l  stress zone   pe r   un i t  
i n c r e a s e   i n   h e a t   i n p u t   d e c r e a s e s  as h e a t   i n p u t   i n c r e a s e s .  

From t h e   p r a c t i c a l   v i e w p o i n t ,   t h e   r e s u l t s   c l e a r l y  show 
the   advan tage  of us ing  l o w  we ld ing   hea t   i npu t  t o  reduce 
r e s i d u a l  stresses a n d   d i s t o r t i o n .  
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Figure 7-8. Distributions of longitudinal  residual stresses for cases 2, 6, 10, and 14 
(h = 32,000 joules/in ). 2 
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LINEAR  HEAT  INPUT, h ,  (JOULES1 I N 2 )  

F i g u r e  7-9. E f f e c t s   o f   L i n e a r   H e a t   I n p u t ,  h ,  and 
Welding Speed,  v ,  on   the   Width  of 
T e n s i l e  R e s i d u a l   S t r e s s  Zone. 
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F i g u r e  7-10. E f f e c t s  of L i n e a r  Heat I n t e n s i t y ,  q ,  
a n d   W e l d i n g   S p e e d ,  v ,  o n   t h e   W i d t h  
o f   T e n s i l e   R e s i d u a l   S t r e s s  Zone. 
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Effects of Material  Properties  on 
Residual  Stress  Distributions 
.~ "___ 

An  analysis  was  made  of  effects  of  material  properties 
on residual  stresses.  Figure  7-11  shows  yield  stress  vs 
temperature  curves  for  several  materials  including  high- 
strength  aluminum  (with  which  the  current  study  is  primarily 
concerned),  low  carbon  steel,  ultrahigh  strength  steel, 
columbium,  and  tantalum. 

The  yield  strength of ultrahigh-strength  steel is very 
high  at  room  temperature,  but  it  decreases  rather  rapidly 
with  increasing  temperature.  Columbium  and  tantalum,  which 
were  included  by  the  request  from  MSFC,  are  characterized  by 
low  yield  stresses  at  room  temperature  and  relatively  high 
yield  stresses  at  high  temperature. 

Figure 7-12 shows  residual  stress  distributions  for  low 
carbon  steel  and  ultrahigh-strength  steel.  In  both  cases, 
maximum  tensile  stresses  at  the  weld  center  are  as  high  as 
the  yield  stresses  of  these  steels.  The  width of tensile 
residual  stress  for  ultrahigh-strength  is  very  narrow.  This 
is  primarily  due  to  the  fact  that  only  a  very  narrow  zone 
undergoes  plastic  deformation  during  welding. 

Figure 7-13 shows  residual  stress  distributions  for 
columbium  and  tantalum.  The  widths  of  tensile  residual  stress 
zones  are  very  large.  Since  both  columbium  and  tantalum  have 
relatively  low  yield  stresses at  a  wide  temperature  range, 
very  large  areas  of  plastic  deformation  occur  during  welding. 

Figure 7-13 suggests  that  residual  stresses  and 
distortion  can  be  quite  a  problem  during  welding  some  refrac- 
tory  metals  including  columbium  and  tantalum.  It  was  informed 
from  the  MSFC  that  some  distortion  problems  have  been 
experienced  in  welding  these  metals. 
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Figure 7-1 1. Yield strength vs. temperature curves for several materials  studied. 
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Figure 7-13. Residual  stress for  columbium  and  tantalum. 
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An  experienced  investigation  was  made at M.I.T.  to 
evaluate  the  accuracy of the  mathematical  analysis. 

Experimental  Procedures. To simplffy  the  investigation, 
experiments  were  conducted  on  bead-on-plate  welds  made  in 
2219-0  aluminum  alloy.  Temperature  changes  during  welding 
were  measured by thermocouples,  while  strain  changes  were 
measured  by  strain  gages  mounted  on  specimen  surfaces. 

Figure 7-14 shows  the  specimen,  which  was 30 inches 
long, 18 inches  wide,  and 1/4 inch  thick.  On  the  particular 
specimen  shown  here,  which  was  used  for  the  first  series 
tests,  one  three-axis  rosette  strain  gage  and  one  thermo- 
couple  were  mounted.  Types  and  characteristics of the  gage 
and  the  thermocouple  are  as  follows: 

Strain  Gage: BLH Type  FAER-18RB-12S13ET 
Gage  length: 0.12  inch 
Gage  factor: 2.0 at  room  temperature 

Thermocouple: BLH Type  GTM-CA  (chromel/alumel) 

They  were  manufactured by BLH  Electronics,  Inc.,  Waltham, 
Massachusetts. 

The  strain  gage  was  mounted  with  the  BLH  EPY-600  cement. 
BLH Barrier C was  also  used  to  protect  strain  gages  from  high 
temperatures  and  other  environment. 

At  the  first  test  (number  PR-Tl),  a  weld  bead of gas 
metal  arc  with  argon  shielding  was  laid  along  a  line  near 
the  center  line  of  the  plate,  as  shown  in  Figure 5-1. The 
lateral  distance  between  the  measuring  point  and  the  weld 
line  was 2.9 inches.  Changes of  temperature  and  strain 
during  welding  and  subsequent  cooling  were  recorded  on  an 
oscillograph  paper  using  a  4-channel  recorder. 
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Figure 7-14. Top surface of  the specimen used in the series 1 experiment. 



A f t e r   t h e   f i r s t  tes t  w a s  completed  and the specimen 
cooled t o  room temperature ,   the   second  weld  bead w a s  l a i d  
a long  a l i n e  closer t o  the  gage.  The lateral  d i s t a n c e  
between  the  measuring  point   and the weld   l ine   under  t es t  
number PR-T2 w a s  1 .3   i nches .  

I n   t h e   t h i r d  test  (number PR-T3), a weld  bead w a s '  l a i d  
on   the   back   sur face   o f   the   spec imen  a long  a l i n e  2 . 1  i nches  
away from  the  measuring  point .  

A l l  o f   the   th ree   bead-on-p la te   welds  w e r e  made under 
the same c o n d i t i o n s  as fo l lows:  

Welding  current :  260  amperes 
A r c  vo l t age :  23 v o l t s  
A r c  t r ave l  speed: 2 8  ipm 
Linear  heat inpu t ,   h :  5 1 , 2 0 0  j o u l e s / i n  
F i l le r  wire: Alloy 4 0 4 3 ,  0 . 0 6 2  i n c h   i n   d i a m e t e r .  

2 

Experiments were conducted  on  three more  specimens. On 
these  specimens three sets of   s t ra in   gages  and  thermocouples  
were mounted a t  d i f f e r e n t   d i s t a n c e s   f r o m  t h e  we ld   l i ne .  The 
welding w a s  done  by  gas  tungsten arc  process   using  hel ium 
s h i e l d i n g   g a s ,   b u t  no f i l l e r  metal w a s  supp l i ed .  

Analys is  ~ of  Experimental   Results.   Using t h e  computer 
programs  developed i n  t h i s  s tudy ,   t empera tu re   and   s t r a in  
changes were ca lcu la ted .   Measured   va lues   o f   weld ing   cur ren t ,  
a r c  vol tage ,   and  arc t rave l  speed were u s e d   f o r   i n p u t  data 
of  computation. 

One unknown q u a n t i t y   i n   t h e   a n a l y s i s  i s  t h e  arc 
e f f i c i e n c y ,  n ,  g iven   i n   Equa t ion  ( 7 - 1 ) .  After   comparing 
measured   and   ca lcu la ted   t empera ture   and   s t ra in   changes ,  it 
was found   t ha t   t he   adequa te   va lue  of n i s  0.7. 
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Figures 7-15 and 7-16 show  changes  of  temperature  and 
longitudinal  strains,  respectively,  observed  during  the 
three  test  welds  on  the  first  specimen. As shown  in  the 
figures,  measured  and  computed  results  coincided  fairly  well. 

On  the  basis of comparison  between  experimental  and 
analytical  results, it has  been  concluded  that  the  one- 
dimensional  stress  analysis  developed  in  this  study  can  be 
used  as  an  approximate  analysis  to  investigate  general  trend 
of  stress  changes  during  welding  and  resulting  residual 
stresses.  However,  the  current  analysis  is  not  adequate  to 
study  complex  stress  changes  in  areas  near  the  welding  arc. 
Experimental  results  generated  in  this  study  should  be  useful 
for  developing  a  two-dimensional  stress  analysis. 
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7.2  Reduction of- Warpage -~ and  Residual  Stresses  by 
Controlling  Thermal  Pattern  during  Welding 

A study  was  conducted  at  the  Harvey  Aluminum  to  investigate 
the  feasibility  of  reducing  warpage  and  residual  stresses  in 
aluminum  weldments  by  controlling  the  thermal  pattern  during 
welding.  (24)  The  concept  involves  the  use of cryogenic  liquids 
and  auxiliary  heat  sources  to  produce  contraction  and  expan- 
sion of metal  in  the  vicinity  of  the  weld  in  such  a  manner  as 
to  counterbalance  expansion  and  contraction  caused  by  welding. 

Backqround  and  Phases  of  Study 

In  the  previous  study  conducted at the  Harvey  Aluminum, 
it  was  found  that  the  tensile  strength of welds  in  2219-T87 
and  2014-T6  plate  could  be  increased  approximately 10 percent 
by  using  liquid  carbon  dioxide  to  extract  heat  to  shorten 
the  time-temperature  cycle  for  the  weldment  (refer  to  Chapter  6.3). 
It  was  also  observed  that  warpage  appeared  to  be  reduced  as 
compared  to  unchilled  welds. 

It  was  decided  to  continue  the  study  with  emphasis on 
the  reduction of residual  stresses  and  distortion.  The  study 
covered  the  following  three  phases: 

Initial  phase:  analytical  study  to  establish  a  theoreti- 
cal  thermal  pattern  which  could  counter- 
balance  expansion  and  contraction  due  to 
welding 

Phase 1 experiment:  tests  on  small  samples  to  determine 
basic  data 

Phase 2 experiment:  development  of  beneficial  thermal 
patterns in 12 by  48  by  5/16-inch 
2014-T6  welded  panels  by  application 
of  the  concept. 
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Analy t ica l   S tudy  

The a n a l y t i c a l   s t u d y  w a s  conce rned   w i th   hea t   ex t r ac t ion  
by  means of l i q u i d  C02 t o  produce elastic deformation  equi- 
v a l e n t  t o  t h e  thermal expans ion   and   cont rac t ion  as well as 
t h e  weld sh r inkage   ( l i qu id - to - so l id )   wh ich   occu r s   du r ing  
welding. The c a l c u l a t i o n s  were based  on  parameters   observed 
during  the  performance of the   p rev ious   s tudy   fo r   p roduc ing  
l i q u i d  C02 c h i l l e d  weld pane l s  1 2  by 48 by  5/16-inch  thick 
i n  2014-T6 aluminum a l l o y .  

R e s u l t s   o f   t h e   m a t h e m a t i c a l   s t u d y   i n d i c a t e d   t h a t  the 

thermal stresses would be counterbalanced i f  t h e   p o r t i o n   o f  
the p l a t e  heated by t h e  arc could be contained  wi . thin a 
2-inch diameter circle w i t h   t h i s  circle surrounded  by  an 
area  of   approximately 45 squa re   i nches   coo led   t o  -100' F. 

I t  was es t ima ted   t ha t   app rox ima te ly  0 . 8 - l b  o f   l i q u i d  C 0 2  

p e r   i n c h  of weld, i n   a d d i t i o n  t o  t h a t   d i s s i p a t e d  by t h e  heat 

of   weld ing   in   format ion   of  the weld,  would be r equ i r ed .  

On the basis of t h e   a n a l y t i c a l   r e s u l t s   o b t a i n e d ,  t h e  
j e t  system was modified i n   a c c o r d a n c e   w i t h   t h e  schematic 

drawing shown i n   F i g u r e  7-17. T h i s  j e t  system  would  provide 
c h i l l i n g   t o  the f r o n t  side o f   t h e  weld us ing  a f i n e  wire 
brush  as a s l i d i n g  s h i e l d  t o  keep C02 o u t   o f  t h e  arc. Actual  
design  of  the new j e t  sys tem  and   sh ie ld ing  device inc luded  
p rov i s ions  f o r  making  adjustments t o  change  the thermal 
p a t t e r n  as r e q u i r e d  t o  accomplish  the objectives of t h e  
program.  Redesign f o r  s t a b i l i t y   d u r i n g   o p e r a t i o n   a n d   r e p r o -  
d u c i b i l i t y  of c h i l l i n g   p a r a m e t e r s  was also performed. 

Experimental  Work 

The exper imenta l  work t o   d e v e l o p   c o n t r o l s  f o r  warpage 

a n d   r e s i d u a l  stresses c o n s i s t e d  of t h e  f o l l o w i n g   p r i n c i p a l  
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Figure 7-17. Modified jet system no. 19. 



efforts: (1) procurement  and  preparation  of  materials, 
(2) setup  of  welding  equipment  with  instrumentation, 
( 3 )  development  of  chilling  systems  and  techniques, ( 4 )  devel- 
opment of techniques  for  measurement of temperatures  and  re- 
sidual  stresses, ( 5 )  development  of  basic  data on thermal 
stresses,  and (6) development of thermal  patterns  for 
controlling  warpage  and  residual  stresses. 

Four  major  systems  were  developed  for  altering  the 
thermal  pattern  during  welding.  All  employed  jet  spraying 
of liquid C 0 2  with or without  the  application  of  auxiliary 
heat.  The  basic  systems  included  the  following: 

1) V-shaped  cryogenic  jet  systems  for  cooling  the  front 
side  of  the  weld. 

2 )  Trailing  cryogenic  jet  systems  for  cooling  the  front 
side  of  the  weld. 

3 )  Circular  cryogenic  jet  systems  for  cooling  the  back 
side  of  the  weld. 

4 )  Auxiliary  heating  with  trailing  cryogenic  jet  systems 
for  cooling  the  front  side  of  the  weld. 

A V-shaped  system was designed  to  concentrate  the  chilling 
around  the  welding  torch on the  front  side of the  panel. A 
circular  system  was  designed  for  concentrating  the  chilling 
around  the  molten  puddle on the  back  side  of  the  panel. A 
trailing  system  was  designed for use on the  front  side (but 
could  be  used on either  side)  with  the  chilling at various 
distances  behind  the  welding  torch.  Thirty  variations  of 
these  systems  were  used  during  the  experimental  welding  program. 

The  experimental  portion of the  program  was  performed in 
two  phases.  The  first  phase  consisted  of  tests on small 
samples  to  determine  basic  data on the  feasibility  of  counter- 
balancing  weld  expansion and  contraction  by  using  liquid 
cryogenics. In the  second  phase,  experiments  were  conducted 
on large  panels. 
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Welding  Techniques. All welding  was  performed  with  the 
panels in horizontal  position.  The GTA  process  was  used  with 
dc  straight  polarity  using  helium  as  the  shielding  gas.  In 
most  cases,  welds  were  made  at 250 amperes  with  travel  speed 
adjusted  from 5 to 14 inches  per  minute  as  needed  to  effect 
optimum  penetration. 

Temperature  Measurement.  Six  platinum  resistance  thermo- 
couples  were  held  by  spring  wire  clips  against  the  surface of 
the  panel.  The  thermocouples were  connected  to  a  six-channel 
recorder. 

Warpage  Measurement.  Warpage  was  measured  using  the 
center at the  top  of  the  panel  as  the  reference  point.  Linear 
measurements  were  converted  to  angular  units  for  convenience. 

Residual "" , Stress  Measurement.  Two  techniques  were  used 
for  measuring  residual  stresses.  Both  involved  the  use  of 
wire  or  foil  strain  gages  in  conjunction  with  a  manually 
operated  strain  indicator.  Mechanical  trepanning,  with C 0 2  

coolant  to  prevent  overheating,  was  initially  used  for 
relaxing  the  residual  stress.  However,  there  was  some  indica- 
tion  that  this  technique  affected  the  actual  residual  stress 
slightly.  Therefore,  the  slicing  technique  was  used  for  most 
residual  stress  measurements. 

Typical  Thermal  Patterns 

Unchilled  Weld  Panels.  In  order  to  establish  a  basis 
for  comparison,  several 48 by  12-inch  panels were  welded 
without  chilling.  Measurements of warpage,  residual  stress 
and  tensile  properties  indicated  that  warpage is extremely 
sensitive  to  the  time-temperature  cycle,  degree of restraint, 
and  shape  of  the  cast  weld  structure. A typical  thermal 
pattern  for  unchilled  weld  panels is shown  in  Figure 7-18. 
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Front -s ide   Chi l l ing .   Var ious   ch i l l ing   pa t te rns  were used 
i n  an  e f f o r t  t o  select t h o s e   t h a t  would  produce  the most 
benef ic ia l   e f fec ts   on   warpage   and   res idua l  stresses. A t o t a l  
of  1 4  v a r i a t i o n s   o f   t h e  V-shaped systems were used t o  weld 
4 8  by  12-inch  panels .   Fourteen  var ia t ions  of   the   t ra i l ing 
systems were also used  to   weld 4 8  by  12-inch  panels. A t o t a l  
of more than 50 pane ls  were welded t o   i n v e s t i g a t e   t h e  28 

v a r i a t i o n s  of the   f ron t   s ide   ch i l l i ng   sys t ems .   Typ ica l   t he r -  
mal p a t t e r n s   f o r  weld panels  chil led f rom  the   f ron t   s ide   w l th  
t h e  V-shaped  and t ra i l ing   mani fo ld   sys tems are shown iri 
Figures  7-19 and 7-20. 

Back-side  Chilling  Systems.  During t h e  course  of the 
experimental work w i t h   t h e   f r o n t  side ch i l l ing   sys tems,  a 
cursory stress a n a l y s i s  w a s  made i n   a n   e f f o r t  t o  determine 
the   reason   these   sys tems  d id   no t   e f fec t  more pronounced 
reduct ions i n  warpage  and  residual stresses. The r e s u l t  
of t h i s  a n a l y s i s   i n d i c a t e d   t h a t  thermal con t r ac t ion  was 
non-uniform  s ince  l iquid C 0 2  could  not  be a p p l i e d   t o   t h e  
plate   ahead  of   the  welding  torch  without   interferr ing  with 
the  welding  operation. On t h i s   b a s i s ,  a system was designed 
a n d   f a b r i c a t e d   f o r   c h i l l i n g  i n  a c i r c u l a r   p a t t e r n .  

The first system was designed  for   use on t h e   f r o n t  side 
b u t   f a i l e d   t o   k e e p  C 0 2  o u t  of t h e  arc and w a s  t h e r e f o r e  
abandoned. The second  system was designed  for  use  on  the 
back side and was e f f ec t ive   i n   p roduc ing  the d e s i r e d   c h i l l i n g  
p a t t e r n .  A t yp ica l   t he rma l   pa t t e rn  i s  shown i n   F i g u r e  7-21. 

However, this   system  caused  excessive  porosi ty   in   the  weld.  

I t  i s  believed t h a t  the poros i ty   resu l ted   f rom water 
condensed  on the  cold aluminum  becoming trapped  between  the 
butting  edges  ahead  of the arc. Inasmuch a s   t h i s   sys t em  a l so  
d id   no t   e f fec t   the   des i red   degree   o f   warpage   or   res idua l  
stress reduct ion ,  it w a s  p o s t u l a t e d   t h a t  t h e  necessary 
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Figure 7-18. Typical  thermal pattern for unchilled weld panels. 



Figure 7-19. Typical  thermal pattern  for panels welded with V-shaped C 0 2  chilling system. 
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Figure 7-20. Typical  thermal  pattern  for  panels welded with  trailing C 0 2  chilling system. 
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Figure 7-21. Typical  thermal  pattern  for  panels welded with  circular C 0 2  chilling system. 



elastic-plastic  relationships  were  not  being  produced  by 
chilling  alone  as  the  expansion  after  chilling  takes  place 
too  slowly  to  be  effective.  In  order  to  cause  the  proper 
relationship  to  take  place,  it  would  be  necessary  to  use 
auxiliary  heat. 

Combined ~~~ ~ - ~ Chilling ~ and . .  Auxiliary  Heating  Systems.  The 
first  system  utilized  one  of  the  front  side  trailing 
manifolds  for  chilling  and  an  acetylene  flame  behind  the 
chilling  manifold  to  cause  more  rapid  expansion.  This 
system  caused  the  warpage  to  reverse  from  normal,  but  the 
acetylene  flame  was  difficult  to  control.  Therefore,  in  the 
remaining  experiments,  the  flame  was  positioned  manually.  It 
was  found  that  the  most  effective  combined  system  was  a 
general  preheat  of  the  plate  of 200°  F with  approximately 
1.5 lbs of C 0 2  per  inch  of  weld  impinged  on  the  weld  seam 
10 inches  behind  the  torch. A typical  thermal  pattern  for 
this  system is shown  in  Figure 7-22. This pattern  repeatedly 
produced  panels  with  low  warpage  and  with  longitudinal  resi- 
dual  stresses  of  less  than  one-third  of  the  normal.  Work 
for  further  refinement  of  this  combined  system  could  not  be 
accomplished  within  the  limits  on  this  project. 

Experimental  Results 

Experimental  results  can  be  summarized  as  follows: 

Effect ~ -~ of  Thermal ". - ~ Pattern  on  Warpage. As shown  in 
Table 7-3, it  was  possible  to  produce  unwarped  panels  either 
with or without  the  use  of  any of the  systems  for  changing 
the  thermal  pattern:  however,  repeatability  was  extremely  low 
for  all  except  the  combined  chilling  and  heating  systems  as 
indicated  by  the  variation  from  maximum  to  minimum.  It  is 
concluded  that  the  degree  of  warpage  is  extremely  sensitive 
to  minor  variations  in  welding  parameters,  and  in  order  to 
"de-sensitize"  it  is  necessary  to  distribute  plastic  yielding 
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TABLE 7-3. EFFECT OF THERMAL  PATTERN ON WARPAGE. 

P r i n c i p a l   F a c t o r s  
Producing Thermaz 
P a t t e r n  

Unchi l led 
C h i l l e d  
on ly - f ron t  side 

only-back side 

a u x i l i a r y   h e a t  

C h i l l e d  

Chi l led   and  

NOTE: 

Warpage i n  Degrees (1 1 I 
Maximum 

- .08 +1.6 

-1.2 +3.5 

-0.8 +0.6 

+0.3 -0.3 
1 

Minimum 

Bow 

0 

0 

0 -  

0 

Peak 

0 

0 

0 

0 

I 

Typical  

Bow Peak 

-0.4 +1.2 

-0.8 +1.2 

-0.8 +0.6 

+0.2 0 
4 

(1) Minus s i g n  (-) i n d i c a t e s   d i r e c t i o n  of bow o r  peak i s  
away from face of weld; p lus  s i g n  (+> i n d i c a t e s  bow o r  
peak i s  toward  face of weld. Note t h a t   t h e  bow i s  reve r sed  
when combined coo l ing   and   aux i l i a ry   hea t ing  are used t o  
change   thermal   pa t te rn .  
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Figure 7-22. Typical  thermal  pattern for panels  welded  with  trailing C02 chilling  system and  auxiliary  heat. 



over a wider  area of t h e  weldment  by sp read ing   t he   i so the rms  
around  the   weld   puddle   whi le   c rea t ing  elastic s t r a i n s   i n  
s u c h   l o c a t i o n s  as to  c o u n t e r a c t   t h e   t h e r m a l   s t r a i n s  created 
by   the   weld ing   opera t ion .  

Effect of Thermal   Pat tern  on  Residual  .~ - Stresses, All of 
t h e   s y s t e m s   f o r   a l t e r i n g   t h e   t h e r m a l   p a t t e r n  were e f f e c t i v e  
t o  some d e g r e e   i n   r e d u c i n g   t h e   r e s i d u a l  stresses as compared 
t o  t h o s e   p r e s e n t   i n   u n c h i l l e d  weld pane l s .  However, c h i l l i n g  
alone  produced a maximum of 50  p e r c e n t   r e d u c t i o n   i n  the' longi -  
t u d i n a l   r e s i d u a l  stress, w h i l e   c h i l l i n g  combined  with  auxi l iary 
hea t ing   r educed   t hese  stresses as much as 95  pe rcen t  as shown 
i n  Table 7 - 4 .  

Effects of Thermal P a t t e r n  on Mechanical ~ ~. Prope r t i e s   and  
Porosi ty .   Al though  only limited t e s t i n g  w a s  performed, it 
was i n d i c a t e d   t h a t   t e n s i l e   y i e l d   s t r e n g t h s  were improved 
through  chi l l ing  by  amounts   ranging  between 1 0  and 20  pe rcen t .  
T h i s  i s  i n  agreement w i t h  t h e   f i n d i n g s  of work  performed i n  
t h e   p r e v i o u s   s t u d y   ( r e f e r  t o  Chapter 6 . 3 ) .  

It w a s  observed t h a t  p o r o s i t y   i n   c h i l l e d  welds w a s  
smaller i n   q u a n t i t y   a n d  s i z e  than  t ha t  i n   u n c h i l l e d  welds 
(refer t o  Chapter  5 . 5 ) .  

Discussion of R e s u l t s  

The e l a s t i c - p l a s t i c   s t r a i n   r e l a t i o n s h i p   d u r i n g   w e l d i n g  
are extremely  complex  inasmuch as t hey  are in f luenced  by a 
g r e a t  many v a r i a b l e s ,  most of which are d e p e n d e n t .   I n   s p i t e  
of  this c o m p l e x i t y ,   t h e   r e s u l t s  of the work  performed  under 
t h i s  c o n t r a c t   p r o v e d   t h e   f e a s i b i l i t y  of apply ing  t h e  concept  
of   balancing  thermal  stresses during  welding t o  c o n t r o l  d i s -  

t o r t i o n   a n d   r e s i d u a l  stresses. The optimum thermal p a t t e r n  
f o r  a spec i f ic   weldment   can  be developed  through a combina- 
t i on   o f   t heo re t i ca l   and   empi r i ca l   me thods .  Computer  programs 
developed a t  M.I .T.  can be u s e f u l   f o r   d e t e r m i n i n g   t h e  optimum 
t h e r m a l   p a t t e r n .  
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TABLE 7-4. EFFECT OF THERMAL  PATTERN ON RESIDUAL STRESSES. 

P r i n c i p a l  
Thermal P a t t e r n  
F a c t o r s  

NOTE : 

Unchi l led  

Ch i l l ed   on ly -  
F r o n t  side ’ 

Chi l l ed   on ly -  
Back side 

C h i l l e d  and 
A u x i l i a r y   h e a t  

r t 
I . ,  

Maximum 

RESIDUAL  STRESS (PSI)  ‘I’ 1 
Long. 

+22,500 

+20,500 

+20,300 

+ 9,200 

Trans.  

-12,300 

- 8,000 

- 7,800 

-12,600 

r ~ 

Minimum 1- 
Long. 

+17,600 

+12,200 

+11,900 

+ 1,100 

Trans.  

-3,000 

-1 , 600 

-4,000 

+ 800 

~~ 

Typica l  
I 

Long. 

+21,000 

+12,000 

+15,000 

+ 3,000 

Trans.  

-7,000 

-7,500 

-5,000 

-2,000 

(1) P l u s   s i g n  (+) i n d i c a t e s   r e s i d u a l  stress i n   t e n s i o n ;  minus s i g n  ( - )  i n d i c a t e s  
r e s i d u a l  stress in   compress ion .   S t r a in   gages   p l aced   i n   t he   cen te r  of t h e  weld seam. 



7.3 Development  of  Non-Destructive  Methods  for 
Determining  Residual  Stresses 

Many  techniques  have  been  proposed  and  used for 
measuring  residual  stresses  in  metal. RSIC-410  prepared  by 
Masubuchi  covers  the  present  state-of-the-art of 
measurement  of  residual  stress  in  metals  in  metal  structures, 
especially  in  aluminum  structures.  Masubuchi  discusses  over 
20 methods  for  measuring  residual  stresses.  These  methods 
are  classified  into  the  following  groups: 

1. 

2. 

3 .  

4 .  

Stress-relaxation  techniques  using  electric  and 
mechanical  strain  gages 
X-ray  diffraction  techniques 
Techniques  by  use of  stress  sensitive  properties 
(ultrasonic  techniques  and  hardness  techniques) 
Cracking  techniques  (for  estimating  residual 
stresses  by  use  of  hydrogen  induced  cracking 
and  stress  corrosion  cracking.) 

Stress-relaxation  techniques  using  strain  gages, 
especially  resistance  wire  (or  foil)  gages,  are  most  widely 
used  for  measuring  residual  stresses  in  weldments.  However, 
the  stress-relaxation  techniques  are  destructive.  Therefore, 
their  applications  to  actual  structures  have  been  limited  to 
very  rare  cases.  Obviously,  there is a  strong  need  for 
developing  better  means  for  non-destructively  measuring 
residual  stresses. 

MSFC sponsored  a  study  at  the  Benson  and  Associates  for 
developing  non-destructive  methods  for  determining  residual 
stress  and  fatigue  damage  in  metals. 
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U l t r a s o n i c  Stress Measurina.  Techniaues ( 2 7 , 6 2 )  

Ultrasonic   methods  of  stress a n a l y s i s  were f i r s t  
demons t r a t ed   i n  1957 ,  when it w a s  shown t h a t   u l t r a s o n i c   s h e a r  
waves may b e   u s e d   i n  a manner similar t o  t h e   p h o t o e l a s t i c  
method  us ing   po lar ized   l igh t  beams w i t h   o p t i c a l l y   t r a n s p a r e n t  
models.   Exploratory work demons t r a t ed   t ha t   t he   change  of 
s h e a r  wave v e l o c i t y  w a s  p r o p o r t i o n a l  t o  t h e   a p p l i e d  stress 
even  beyond  the e las t ic  l i m i t  of c e r t a i n   m a t e r i a l s .  

Later s t u d i e s   d e m o n s t r a t e d   t h a t   t h e   v e l o c i t y  of u l t r a -  
s o n i c   s u r f a c e  waves w a s  a lso a f f e c t e d  by stresses, i n d i c a t i n g  
t h a t   t h e  stress nea r  the s u r f a c e  may be  measured.   Further  
work showed t h e   p o s s i b l e   a p p l i c a t i o n  of u l t r a s o n i c  methods 
t o  dynamic stress a n a l y s i s .  

A f t e r   e v a l u a t i n g   t h e   c u r r e n t   s t a t u s  o f   va r ious   u l t r a son ic  
systems, researchers a t  t h e  Benson  and  Associates  decided t o  
use   t he   fo l lowing  two systems: 

1) Modified t i m e  o f   f l i g h t   s y s t e m  
2 )  Frequency null system 

Modified " ~ T i m e  of   F l igh t   Sys tem.  A block  diagram  of  the 
modified t i m e  of f l i g h t   s y s t e m  i s  shown i n  F igure  7-23.  

U l t r a s o n i c  waves are  produced by an R.  F .  pu l se   gene ra to r  
and   t rave l   on   th rough  the   sample   to   be  read by  an  osci l loscope.  

A de l ay   l i ne   s igna l   by -pass ing  t h e  sample i s  a l s o   s e n t  
t o  the  scope  for   comparison.  A s  stress i s  p laced   on   the  
s a m p l e   t h e   v e l o c i t y   o f   t h e   u l t r a s o n i c  wave changes. T h i s  i s  
e q u i v a l e n t  t o  a change i n  t i m e  it takes f o r   t h e  wave t o  t ra -  
verse   the  sample.  When t h i s   o c c u r s  a phase s h i f t  between t h e  

sample  s ignal   and t h e  d e l a y   l i n e   s i g n a l   c a n   b e   s e e n   o n   t h e  
o s c i l l o s c o p e .  Then t h e   i n t e r n a l   o s c i l l o s c o p e   t r i g g e r  i s  
a d j u s t e d  t o  b r i n g   t h e   s i g n a l s   i n   p h a s e   a g a i n .  This  corresponds 
t o  a change i n  t i m e  of t ravel  o f   t h e  wave through  the  specimen. 
For example, i f   t h e   i n t e r n a l   t r i g g e r   m u s t  be delayed by 

L 
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2 lo-* s e c o n d s ,   t h i s  means t h a t  t h i s  same amount 
c o n s t i t u t e d   t h e   c h a n g e   i n  travel t i m e  of t h e   u l t r a s o n i c  wave. 

Frequency  Null  System. The modif ied t i m e  of f l i g h t  
s y s t e m   d i r e c t l y   m e a s u r e s   t h e   p e r c e n t a g e   c h a n g e   i n   v e l o c i t y  
o f   a n   u l t r a s o n i c  wave by  comparing  the  change i n  t ravel  t i m e  
t o  t h e  t o t a l  t rave l  t i m e .  A similar   measurement   can  be 
ob ta ined  by the   u se   o f   t he   f r equency   nu l l   sys t em as long  as 
t h e r e  i s  a f ixed   pa th   l ength   p rovided   by  a t r ansduce r  (see 
F igure  7 - 2 4 ) .  Condi t ions  necessary fo r  t h e   r e f e r e n c e   p u l s e  
t o  cance l  o r  n u l l  a po r t ion   o f   t he   r ece ived   pu l se  are t h a t  
they   be  1 8 0 '  o u t  of phase  and  have  equal  amplitudes.   This 
phase  condi t ion  can be brought  about  by  frequency  adjustment 
o f   t he  R.  F .  o s c i l l a t o r   w h i l e   t h e   a m p l i t u d e   c o n d i t i o n  i s  
ob ta ined  by vary ing   the   ga in   in   one   channel  of t h e   o s c i l l o -  
scope (see F igure  7 - 2 5 ) .  

I n   o r d e r   t o   u t i l i z e   t h i s   s y s t e m   t o   m e a s u r e   t h e   c h a n g e  
i n   u l t r a s o n i c   v e l o c i t y ,   t h e   f o l l o w i n g   r e l a t i o n s h i p   e x i s t s :  

where NA i s  t h e  number of wave l e n g t h s ,  L i s  t h e  p a t h   l e n g t h  
of   the   sur face   wave ,  V i s  t h e  ve loc i ty   o f   t he   su r f ace   wave ,  
and f i s  the   f r equency   o f   t he   d r iv ing   s igna l .   Cons ide r ing  
t h e  equa t ion  w e  see t h a t   i f  ei ther d r iv ing   f r equency   o r  
s u r f a c e  wave ve loc i ty   changes  t h e  number of wave l e n g t h s  
w i l l  change  accordingly.   Therefore ,  when the  sample i s  p u t  
i n to   compress ion   t he   ve loc i ty   wou ld   i nc rease   and   fo r   t he  
same number of  wave l e n g t h s  t o  o c c u r   i n  a g iven   pa th   l eng th  L,  

the   f requency   mus t   increase .  

The re la t ionship   be tween  change   in   f requency  A f ,  and 
change i n   t r a v e l  t i m e  A t ,  can be obta ined   under   s t ressed   and  
u n s t r e s s e d   c o n d i t i o n s  as fo l lows:  
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Figure 7-25. Time  relationships  between  the  driving  signal, recived signal, 2nd the  reference pulse. 
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€0 - Vo + AV (.fo + Af) 
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is  the  travel  time  for  the  surface wave  in  unstressed 
condition  and is called T.  The  stressed  condition  is: 

L 
Vo + AV 

= T -  At 

By rearranging  and  substitution  we  get: 

Ah -fo At.fo 
Af = T - At T 

since At < < T. 
This  technique  can  also  be  used  to  make  absolute  velocity 
measurements. 

Investigation on Welded  Plates 

In  the  study  conducted at the  Benson  and  Associates, a 
comprehensive  investigation  was  made  on  fundamentals  of  the 
ultrasonic  stress-measurement  techniques.  After  conducting 
the  fundamental  investigation  using  specimens  with  known 
stress  values,  an  investigation  also  was  made  to  apply  the 
ultrasonic  technique on weldments.  Since  the  major  interest 
of  this  report  is  on  residual  stresses in weldments,  the 
following  pages  cover  results  obtained on weldments. 

The  stress  distribution  in  plates  containing  weldments 
had  been  the  subject  of  previous  investigation  using  both 
destructive  type  tests  and  tests  involving  the  use of strain 
gages. 
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The  techniques  employed  by  Hasemeyer, et al, (63) were 
followed on a  test  specimen  one-half  inch  thick  and of 
aluminum  alloy  2014-T6. The  weldment was in  the  center of t 
the 9 inch  length  dimension  with  two  and  one  half  inches  of 
material  each  side  of  the  weldment. The procedure  was  to 
measure  the  change in length  of  the  weld  as  succeeding 
1/4 inch  wide  segments  were  removed  symmetrically  about  the 
weld. From  these  measurements it was  possible  to  compute  the 
average  stress  existing  along  the  weld.  The  results of the 
initial  measurements  were  in  close  agreement  with  Hasemeyer. 

The  procedure  was  then  varied  to  allow  for  a  determination 
of  the  actual  stress  that  existed  throughout  the  plate so that 
a  check  of  ultrasonic  measurements  could  be  performed.  The 
new  procedure  involved  the  measurement of the  deformation  of 
plates  containing  weldments  which  were  either  along  the 
length  of  the  plate or transverse  to  the  plate.  Measurements 
were  made  of  the  length  of  each 1/4 inch  wide  segment  of  the 
plate  before  and  after  each  pair  of 1/4 inch  wide  segments 
were  removed  frommthe  plate.  In  this  manner a complete  his- 
tory  of  the  stress  change in the  plate  was  obtained.  The 
results  of  these  measurements  are  given  in  Figures 7-26 and 
7-27. In Figure 7-26 the  plate  contained  a  weldment  along 
the  length of the  plate  and  in  Figure 7-27, the  weldrnent was 
along  the  width  of  the  plate. 

It is seen  that  there  is  a  tensile  stress  along  the 
weldment  extending  approximately 1 / 2  inch  to  each  side of 
the  weldment.  The  remainder of the  plate  is  in  a  state of 
compression  along  the  lehgth  dimension.  There is also  a 
state  of  tension  in  the  central  portion of the  plate  trans- 
verse  to  the  weld.  Again  the  outer  portions  of  the  plate 
are  in compression. It  is  further  noted  that  the  tensile 
stress is more  concentrated  along  the  length  of  the  weld 
than  it  is  transverse  to  the  weld.  The  true  stress 
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distribution in the  plate  must  therefore  consist of the 
contouxs of constant  stress  being  somewhat  elliptical  and 
oriented  about  the  weld  as  illustrated in Figure 7-28. 

The  results of these  destructive  tests  appear  reasonable 
since  the  welding  process  involves  the  melting of the  mate- 
rial  along  the weld, which  subsequently  cools to room 
temperature.  During  the  cooling  process  the  material  in 
and  near  the  weldment  should  shrink  in  both  dimensions 
resulting  in  a  state of tension,  while  the  surrounding 
material  will  oppose  the  shrinking  by  exerting  a  compressive 
force. It would  further  be  expected  'that  variation  in  the 
temperature  of  the  weldment  would  cause  local  variations 
in the  stress. 

Such  a  condition  would  be  emphasized at the  beginning 
and  end of the  weld.  If we re-examine  the  data in Figure 7-27, 
it is  seen  that  the  tensile  stress  along  the  weld  is  a 
maximum at the  beginning of the  weld  and  only  the  average 
of the  measured  stress  corresponds  to  that  of  the  destruc- 
tive  data  which  inherently  measures  the  average  stress  along 
the  portion  of  material  removed. 

Both  types  of  NDT  methods  were  used on welded  specimens 
and  gave  the  identical  tensile-compressive  results  with 
destructive  tests. 

Application  Technique  Considerations 

To apply  the  knowledge  and  techniques  learned  from  this 
investigation  to  specific  applications  requires  careful 
consideration  of  all  factors  involved. It has  been  demon- 
strated  that  both  ultrasonic  surface  and  shear  waves  may  be 
used to measure  the  stress  resulting  from  an  applied  load. 
For  residual  stresses it is  possible  to  determine  the  magnitude 
and  major  axes  of  the  stress,  however, it is difficult  to 
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determine   whether   one   ax is  i s  in   compress ion  o r  t h e   o t h e r  
a x i s  i s  i n   t e n s i o n .  The q u e s t i o n  still remains of whether 
a uniax ia l   compress ive  stress e x i s t s   t r a n s v e r s e  t o  t h e  
welded   s ide  o r  a u n i a x i a l   t e n s i l e  stress p a r a l l e l  t o  t h e  
weldment s i d e .  

Another   poss ib i l i ty   would   be  a b i a x i a l   t y p e  of load ing  
a long   t hese   axes .   Th i s   ques t ion   canno t   be   r e so lved   w i thou t  
a s tandard  of   comparison.  

In   measurements   such  as   those made concern ing   the  welded 

p l a t e s   w h e r e   t h e   e f f e c t   o f   w e l d i n g  w a s  s t u d i e d ,   t h e   d e s t r u c -  
t i v e  tests fu rn i shed   t he   necessa ry   s t anda rd  of comparison. 
Applicat ions  using  surface  and  shear   waves,   where  before   and 
a f t e r  type  measurements are n o t  made need   an   absolu te   s tandard .  
Such a standard  would  have t o  be  found  for   each  a l loy  and 
would   car ry   the   requi rement  of be ing  stress f r e e .   G r a i n  
o r i e n t a t i o n   t e m p e r a t u r e   e f f e c t s ,   a n d   i n c o n s i s t e n c i e s   i n   t h e  
a l loy   su r f ace   compos i t ion  are a f e w  of t h e   f a c t o r s   w h i c h  
c o u l d   e f f e c t   t h e   a b s o l u t e   v e l o c i t y   o f   e v e r y   s a m p l e   t e s t e d .  

The a p p l i c a t i o n   o f  stress a n a l y s i s   w i t h   t h e   s h e a r  wave 
t e c h n i q u e   o f f e r s  a me thod   o f   de t e rmin ing   t he   t ens i l e  vs 
compress ive   d i rec t ion   provid ing   bo th  before and a f t e r  mea- 
surements   a re   poss ib le .   This   requi rement  i s  similar f o r  
s t r a i n   g a g e s ,   b u t   h a s   t h e   a d d i t i o n a l  merit t h a t  stress i s  
measured   d i rec t ly   and   the   e lement  may be  removed  during 
process ing  of t h e   m a t e r i a l .  The key t o  t h e   s o l u t i o n  of t h i s  
problem i s  t h e   u l t r a s o n i c   l o n g i t u d i n a l  wave.   Since  the  longi-  
t u d i n a l  wave i s  i n s e n s i t i v e   t o  stress, it can be used as a 
r e f e r e n c e   i n   t h e   s a m p l e .  

The X-cut c r y s t a l  i s  placed  on  top  of  a Y-cut c r y s t a l .  
Each  of t h e   c r y s t a l s  are fed  f rom t w o  d iode   swi tches   in   con-  
junc t ion   w i th   t he   mod i f i ed  t i m e  of f l i g h t   s y s t e m .  The u l t r a -  
s o n i c  waves w i l l  t hen  be genera ted   and   rece ived  by s e p a r a t e  
c r y s t a l s .   N o t e   t h a t   t h e   l o n g i t u d i n a l   v e l o c i t y   i n  aluminum 
is  approximately twice t h a t  of t h e   s h e a r  wave.  Therefore,  



t h e   s h e a r  wave can be phase  compared t o  the   second  rece ived  
l o n g i t u d i n a l   p u l s e .   I n  making t h e   a c t u a l  stress measurement, 
t h e  same procedure   descr ibed  ear l ier  i s  used. The a b s o l u t e  
numbers r e a d   f r o m   t h e   d e l a y e d   t r i g g e r   d i a l  of t h e  osci l lo-  
scope are recorded.  A s  be fo re   t he   d i f f e rence   be tween  these 
numbers g i v e s   t h e  stress magnitude. The sample  under  inves- 
t i g a t i o n  i s  t h e n   s u b j e c t e d   t o   t h e   p a r t i c u l a r   p r o c e s s  t o  b e  
s tudied ,   for   example ,   weld ing .  

The u l t rasonic   measurements  are aga in   r epea ted .   S ince  
t h e   a b s o l u t e  numbers were recorded   dur ing   the  f i rs t  measure- 
ment, it can now be  determined as t o  how t h e   s h e a r  wave 
ve loc i ty   a long   each   ax i s   has   changed   r e l a t ive  t o  t h e  

l o n g i t u d i n a l   v e l o c i t y .  

Detec t ion  "" of   Fa t igue  Damage 

A l i m i t e d   s t u d y   a l s o  w a s  made t o  establish r e l a t i o n s h i p s  
between e lectr ical  s u r f a c e  resistance and   f a t igue  damage. 

The format ion   of   microcracks   due   to   fa t igue  damage a t  
t h e   s u r f a c e   o f  a metal may be   thought   o f   as  a l o c a l i z e d  i n -  
c r ease   i n   su r f ace   roughness   and   hence ,   shou ld  be measurable 
as a n   i n c r e a s e   i n   s u r f a c e   r e s i s t i v i t y .  An experiment t o  

measure t h e  i n c r e a s e  i n  s u r f a c e   r e s i s t i v i t y   m u s t   b e   d e s i g n e d  
i n  such a manner t h a t  s u r f a c e   r e s i s t a n c e  i s  measured  without 
a l so  measur ing   the   bu lk   p roper t ies   o f   the  material. 

By t ak ing   advan tage   o f   t he   sk in   e f f ec t   o f   h igh   f r equency  
wave propagat ion ,   the   depth  t o  wh ich   t he   su r f ace  i s  measured 
may b e   c o n t r o l l e d  by s e l e c t i n g   t h e   f r e q u e n c y  a t  which 
measurements w i l l  be  made. 

Aluminum p l a t e s   s u b j e c t e d  t o  f l e x u r a l   f a t i g u e  damage 
were i n v e s t i g a t e d  a t  wave l e n g t h  of 3 cen t ime te r s .  An 
i n c r e a s e   i n   s u r f a c e   r e s i s t a n c e  w a s  found t o  precede  any 
v i s u a l   e v i d e n c e  of f a t i g u e  damage and  impending  fa t igue.  
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Summary 

A s tudy  of t h e  stress d i s t r i b u t i o n   i n   p l a t e s   c o n t a i n i n g  

a weldment w a s  used t o  i l l u s t r a t e  t h e   p r a c t i c a l   a p p l i c a t i o n  
of the  methods.  The magnitude of t h e  stresses as determined 
u l t r a s o n i c a l l y  was c o r r e l a t e d   a g a i n s t   d e s t r u c t i v e   m e a s u r e m e n t s .  
Agreement w a s  o b t a i n e d  when t h e  stress w a s  ave raged   ove r   t he  
l eng th   o f   s ample   i nc luded   i n   t he   des t ruc t ive  tests.  The 
u l t r a s o n i c   m e a s u r e m e n t s   i n d i c a t e d   t h a t   t h e  maximum stresses 
occurred   near  a weld  and  fur thermore,   the  stresses were 
g r e a t e s t   n e a r   t h e   s t a r t   a n d   s t o p  of the  weldment.  

It  was f u r t h e r   d e t e r m i n e d   t h a t   g r a i n   o r i e n t a t i o n   i m p o s e s  
l imi t a t ions   on   t he   u l t r a son ic   me thods  of stress a n a l y s i s .  
The u l t r a s o n i c  waves are s e n s i t i v e  t o  g r a i n   o r i e n t a t i o n   p r o -  
duc ing   e f f ec t s   co r re spond ing  t o  as much as 1 5 , 0 0 0  pounds  per 
square   inch   of   equiva len t  stress. For   t h i s   r ea son  i t  i s  
necessa ry   t o  make measurements   bo th   before   and   a f te r   p rocess ing  
i n  a similar manner t o   t h a t   u s e d   w i t h   s t r a i n   g a g e s .  

Although  the  methods  have  been  developed  to  a u s e f u l  

s t a t e  f o r   a p p l i c a t i o n   t o   p r a c t i c a l   p r o b l e m s   o f  stress a n a l y s i s ,  
f u r t h e r   s t u d y  i s  w a r r a n t e d   t o   i m p r o v e   t h e   s p a t i a l   r e s o l u t i o n  

of the  measurement as w e l l  as t o   f u r t h e r   d e f i n e   t h e   e f f e c t s  
of g r a i n   o r i e n t a t i o n ,   a n d   e x t e n d   t h e   m e t h o d s   f o r   u s e   w i t h  

more complicated  welded  joints .  The u l t rasonic   methods  of 
stress ana lys is   can   be  a va luab le   add i t ion   t o   t he   me thods   o f  

a n a l y s i s   a l r e a d y   a v a i l a b l e .  
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CHAPTER 8 
Manufacturing  Process  System  Control 

As  discussed in the  introduction of this report,  the 
ultimate  purpose  of  the  NASA  welding  research  program is to 
improve  the  performance  and  reliability of space  vehicles. 

Process  control  is  the  final  objective.  A  number of 
quantitative  limits  of  the  major  variables  generated  in  the 
NASA-sponsored  studies on welding  aluminum  can  be  incor- 
porated in various  manufacturing  specifications.  Chapters 3 

through 7 present  important  findings  obtained  in  these 
studies.  However,  some  of  the  findings  are  useful  for  an 
improved  control  of  the  manufacturing  process  system. 

This  chapter  covers  the  following  subjects: 

(1) Transferability  of  welding  parameters 
( 2 )  Development  of  welding  process  control  systems. 



8.1  T r a n s f e r a b i l i t y  of Welding  Parameters 

It i s  r e c o g n i z e d   t h a t   t h e r e  are a number of q u a l i t y -  
con t ro l   p rob lems   i n   we ld ing .   Cons ide r ,  f o r  example,   the 
s i ze   and   shape  of the   weld .  The depth of p e n e t r a t i o n  i s  
not  always  uniform: it f l u c t u a t e s   a l o n g   t h e   w e l d ,   e s p e c i a l l y  
when the   weld  i s  made wi th   cer ta in   types   o f   weld ing   equip-  
ment. When welds are made wi th   machines   having   d i f fe ren t  
c h a r a c t e r i s t i c s ,   t h e  s i z e s  and  shapes  of  welds may d i f f e r   t o  
some extent ,   even  though  the  welds  are made w i t h   t h e  same 
we ld ing   pa rame te r s ,   i nc lud ing   we ld ing   cu r ren t ,  a rc  v o l t a g e ,  
and t r a v e l   s p e e d .  

Idea l ly ,   welds   should   have   the  same c o n f i g u r a t i o n  
(depth   o f   pene t ra t ion ,   weld  area, e t c . )  a n d   q u a l i t y  no 

matter where   o r  when t h e y   a r e  made ( b y   d i f f e r e n t   f a b r i c a t o r s  
a t  d i f f e r e n t  times): p rov ided   t he  same type  of  equipment, 
t oo l ing ,   and   j o in t   des ign ,   and   t he  same welding  parameters 
are used. To a t t a i n   t h i s   o b j e c t i v e ,   t h e   f o l l o w i n g   p r o b l e m s  
are b e i n g   i n v e s t i g a t e d  01: c o n s i d e r e d   f o r   f u t u r e   i n v e s t i g a t i o n :  

1) What type  of  welding  equipment  (with  what  types  of 
v o l t a g e ,   c u r r e n t ,   a n d   e l e c t r o d e - p o s i t i o n   c o n t r o l  
systems)  i s  m o s t   s u i t a b l e   t o   o b t a i n   c o n s i s t e n t   w e l d s ?  

2 )  What w e l d - q u a l i t y   c h a r a c t e r i s t i c s  are  l i k e l y   t o  
f luc tua te - -dep th   o f   pene t r a t ion ,  s i z e  and  shape  of 
weld ,   meta l lurg ica l   and   mechanica l   p roper t ies  of 
welds? How are t h e y   a f f e c t e d  by d i f f e r e n t   w e l d i n g  

parameters?  
3)  How are w e l d - q u a l i t y   c h a r a c t e r i s t i c s   c h a n g e d  when 

wezding  equipment i s  changed? How should w e  t r a n s f e r  
welding  parameters   f rom  one  welding  setup t o  ano the r  

t o   o b t a i n   w e l d s   w i t h   t h e  same q u a l i t y ?  
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The o b j e c t i v e  a t  Lockheed-Georgia was t o  s t u d y   t h e  
t r a n s f e r a b i l i t y  of se tup   pa rame te r s  f o r  i n e r t   g a s   w e l d i n g .  ( 1 7 )  
T o  accompl i sh   t h i s ,   a t t empt s  were made t o  determine (1) the 

s i g n i f i c a n t   v a r i a b l e s   a n d  ( 2 )  the degree of c o n k r o l   t h a t   c a n  
be  achieved.  

Analys is  w a s  made of GTA and GMA welds made i n   t h e  
h o r i z o n t a l   p o s i t i o n .  The  work w a s  t h e r m a l l y   i n s u l a t e d  f r o m  
t h e   h o l d i n g   f i x t u r e   t o   s i m u l a t e   t h e  minimum tool ing ,   t ack-up  
we ld ing   t echn ique   ve ry   o f t en   u sed   i n   t he   ae rospace   i ndus t ry .  
N o  h a r d   t o o l i n g  o r  ine r t   gas   back -up  w a s  used. Welds were 
made i n  1 / 4 -  and  3/4- inch  thick,  2219-T87 aluminum a l l o y .  
A l l  j o i n t s  w e r e  p repared  w i t h  square-but t   edges.  The s h i e l d -  
i ng   gas  was helium. 

Phases  and  Experimental   Design 

The welding tes t  program  included two phases .   In   Phase J, 
GTA welding  parameters  and t he i r  e f f e c t  on the   response  va r i -  
a b l e s  were eva lua ted .  The weld ing   se tup   parameters   inves t i -  
ga t ed  were c u r r e n t ,   v o l t a g e ,   w e l d  t rave l  speed, w i r e  d e p o s i t ,  
gas   pu r i ty ,   gas   f l ow,   t empera tu re   o f   t he  weldment ,  j o i n t  
d e s i g n ,   a n d   e l e c t r o d e   t i p  diameter. These se tup   parameters  
were r e f e r r e d   t o   a s   t h e   i n d e p e n d e n t   v a r i a b l e s   f o r   t h e  GTA 

I welding  process .   Table  8 -1  l i s t s  symbols   and  uni ts   used  for  
independent   and  dependent   var iables   by  the  Lockheed  invest i -  
g a t o r s .   F i g u r e  8 -1  d e f i n e s   b y   i l l u s t r a t i o n   t h o s e  
v a r i a b l e s   r e l a t e d   t o   w e l d  cross s e c t i o n   a n d   p e n e t r a t i o n .  

A c o m p l e t e   f a c t o r i a l   f o r  these n ine   i ndependen t   va r i ab le s  
a t  two l e v e l s   r e q u i r e s  2’ = 5 1 2  t e s t  2 o n d i t i o n s .   I n   t h i s  
s tudy ,  a 1 / 1 6 - f r a c t i o n a l   f a c t o r i a l   r e q u i r i n g  3 2  t es t  c o n d i t i o n s  
w a s  u sed .   Four   add i t iona l  t e s t  cond i t ions  were used t o  i m -  
p rove   the   accuracy  of s t a t i s t i c a l   a n a l y s i s .  The e f f e c t s   o f  

t he   i ndependen t   va r i ab le s  on v a r i o u s   w e l d   c h a r a c t e r i s t i c s  were 
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Symbols 

C 

V 

T 

Wd 

GP 

Gf 

OF 

J 

D 

M 

Mc 

Mf 

H 

P 

B 

EP 

X 

M t  

TABLE 8-1. SYMBOLS AND UNITS FOR VARIABLES USED 
BY THE LOCKHEED INVESTIGATORS. 

Description  and  Units  for  Computer U s e  

Welding arc current 

Welding a r c  voltage 

Travel  speed of t h e   a r c  

Volume of filler wire  deposited  per 
inch of weld 

Gas  purity - total ppm  contamination 

Gas flow - cubic feet per   hour  

Work temperature  before  welding 

Joint  gap 

Diameter of electrode at the  tip 

Cross  section  area  total  of melt  zone 

Cross  section  area of crown 

Cross  section area of fall  through 

Cross section area of heat-affected  zone 

Penetration of melt  zone  from  part 
surface 

Height of the  crown 

Electrode  position  from  part  surface 

Percent of porosity  reading 

Maximum temperature  reading 
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'100) 

100/in. 

( P P d  100) 

( cfh/ 100) 

( O F/lOO) 

( in .  ) 

( in .  ) 

( in.2) 

( in.2) 

( in.2) 

( in.2) 

( in .  ) 

( in .  ) 

( in .  ) 

( 7 0 )  

("F/100)  



Symbols 

Tt 

At 

Ftu 

FtY 

E 

Q 

A 

C P  

TABLE 8-1. (Concluded) 

Description and Units for Computer Use  

Time  temperature  exceeded 450" F 

Area under temperature curve above 
450°F 

Ultimate tensile  strength 

Yield tensile strength 

Elongation 

Overlap of welds  from both sides 

Angle of GMA torch 

Distance from contact tube to work 

Figure 8-1. Illustrated definitions of variables  related to weld  cross section and penetration. 
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s t u d i e d  by s t a t i s t i ca l  ana lys i s   u s ing   r eg res s ion   equa t ions .  
Phase I1 of t h e   p r o j e c t   d e a l t   w i t h   t h e  GMA welding  process .  
The d e s i g n   p r i n c i p l e s  were t h e  same as  f o r  GTA, e x c e p t   t h a t  
fewer se tup   pa rame te r s  were requi red .   There  were o n l y   f i v e  
basic p a r a m e t e r s   i n v e s t i g a t e d   f o r   t h e  GMA p r o c e s s ,   c u r r e n t ,  
vo l tage ,   weld  t r a v e l  speed ,   angle  of t o r c h ,   a n d   t h e   d i s t a n c e  
f rom  the   con tac t  tube t o  work. A o n e - h a l f   r e p l i c a t i o n   o f   t h e  
f i v e   v a r i a b l e s   w i t h  a l l  t w o - v a r i a b l e   i n t e r a c t i o n   b e i n g  
measurable was used for t h e  GMA s tudy .  

Weldincr Test Procedure 

Fac i l i t i e s   and   Equ ipmen t .  The fo l lowing  two welding 
u n i t s  were u s e d   i n   t h e   p r o g r a m :  

1) Welding  Unit N o .  1 

Power :  Sciaky Model S-6, f u n c t i o n a l  
c o n t r o l ,  D-C welding power 
source  

Head: 

Car r i age  : 

Wire feed: 

Airco Model HME-E, automatic  
head 
Lockheed-developed  carr iage 
con t ro l l ed   by  a Servo-Tech 
techameter   feedback  governor  
Airco Model AHF-B f e e d r o l l s  w i t h  
Airco Model AHC-B feedback  type 
governor   cont ro l  

Ins t rumenta t ion :   Texas   Ins t rument   "Servo/ r i te r"  
4 channe l   po ten t iome t r i c   r eco rde r  

2 )  Welding  Unit N o .  2 

Power : 

Head: 

Car r i age  : 

Sciaky Model S-6, f u n c t i o n a l  
c o n t r o l ,  D-C welding  power  source 
Prec is ion   Sc iaky  (GTA-GMA) welding 
head w i t h  proximity  head  control  
Servo-Tech  control  system t o  
o p e r a t e  a Lockheed  designed  carr iage 
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Wire feed  : Airco AHC-B w i r e  f e e d   c o n t r o l  

Ins t rumenta t ion :  Minneapolis-Honeywell   "Electronic 17" 
with  tachometer  feedback  governor 

four -channel   po ten t iomet r ic  
r e c o r d e r  

Electrode Proximity  Recording  System. It  w a s  necessary  
t o  be t t e r   unde r s t and   t he   r e l a t ionsh ip   be tween   t he   we ld ing  
v o l t a g e  or  a r c - l e n g t h   c o n t r o l  of t h e  GTA process   and   the  
proximity of t h e   t o r c h  t o  t h e  work. A new system  developed 
by Lockheed w a s  used t o  con t inuous ly   mon i to r   t he   e l ec t rode  
proximity.   This   system  operated  independent ly   of   the  arc  
vo l t age .  The e l e c t r o d e   p o s i t i o n  w a s  measured  by  the  poten- 
t iometric recorder ,   and   char ted   wi th   the   weld ing   vo l tage .  

Weldinu Parameter Cont ro l  DeveloDment 

Welding -~ - Contro l   S tudies .   Dur ing  many tests,  t h e  
e l e c t r o d e   p o s i t i o n  was h e l d   c o n s t a n t .  With this c o n d i t i o n ,  
b o t h   t h e   v o l t a g e  w a s  h e l d   c o n s t a n t  w i t h  an  automatic   vol tage-  
c o n t r o l   h e a d ,   t h e   e l e c t r o d e   p o s i t i o n  w a s  e r r a t i c   a n d   e q u a l l y  
e r r a t i c   p e n e t r a t i o n   m e a s u r e m e n t s   r e s u l t e d .  I t  was concluded 
t h a t  n e i t h e r   p r e s e n t   a u t o m a t i c   v o l t a g e   c o n t r o l   n o r   c o n s t a n t  
e l e c t r o d e - p o s i t i o n   c o n t r o l  by themselves maintain  adequate  
p r o c e s s   c o n t r o l  of the  welding arc and  molten  puddle. 
Another  control  system  had t o  be a p p l i e d   t o   h o l d  a c o n s t a n t  
e l e c t r o d e   p o s i t i o n  (Ep)  i n   a d d i t i o n  t o  a c o n s t a n t   c u r r e n t  ( C ) ,  

c o n s t a n t   v o l t a g e  (V), c o n s t a n t   c a r r i a g e   t r a v e l   s p e e d  (TI, and 
c o n s t a n t   f i l l e r - w i r e   d e p o s i t  ra te  (Wd).  The wire-feed  system 
used w a s  r ea sonab ly   accu ra t e   and   r e l i ab le :   t he re fo re ,  no 
a t tempt  was made t o  c o u p l e   t h i s   s y s t e m   t o  t h e  o the r   sys t ems  
inz luencing   the   weld ing  arc process .  All of t h e  systems  used, 
i n   va r ious   ways ,   i nco rpora t ed   t he  other fou r   we ld ing   va r i ab le s .  
All of the  systems w e r e  d e s i g n e d   t o  be r e g u l a t e d  by equip-  
ment  s e t t i n g s   a n d  still ma in ta in   p rocess   con t ro l   o f  the 
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welding arc and   the  molten puddle.  Cross-coupled  feedback 
c o n t r o l s  were d e f i n e d  as con t ro l s   u sed  f o r  measur ing   the  
response  of   one  var iable   and t o  s imul taneous ly   change   the  
s e t t i n g s  of another   var iab le .   For   example ,  a change i n  Ep 
causes  a change i n  C.  Self-coupled  feedback  controls  were 
d e f i n e d   a s   c o n t r o l s   u s e d  t o  measure the   response   o f  a v a r i a b l e  
and t o  a d j u s t   t h e   c o n t r o l s  of t h a t  same v a r i a b l e   u n t i l   t h e  
r e sponse   ag rees   w i th   t he   des i r ed  se t  point .   For   example,  i f  

Ep devia ted   f rom  the  set  p o i n t ,   t h e   e r r o r  w a s  measured  on  the 
recorder ,   ampl i f ied ,   and   used  t o  o p e r a t e  a servo system 
b r ing ing  Ep back t o  t h e  set  p o i n t .  The b a s i c   d i f f e r e n c e   i n  
t h e s e  t w o  feedback  systems w a s  the   source   o f   the   feedback  
informat ion .  The cross-coupled  system  depended upon t h e  
response   o f   another   var iab le   caused  by a change i n   t h e  
weld ing   process ,   whi le   the   se l f -coupled   sys tem was a d i r e c t  
measure of the   response ,   independent   o f  a l l  o t h e r   v a r i a b l e s  
necessary t o  make up the   weld ing   process .  

The fo l lowing   s ix   we ld ing   con t ro l   sys t ems  were examined: 

1) Automat ic   vo l tage   cont ro l  

2 )  Au tomat i c   e l ec t rode -pos i t i on   con t ro l  
3 )  C a r r i a g e   c o n t r o l   c o u p l e d   t o   e l e c t r o d e   p o s i t i o n  

4) Cur ren t   con t ro l   coup led  t o  e l e c t r o d e   p o s i t i o n  
5 )  C u r r e n t   c o n t r o l   c o u p l e d   t o   v o l t a g e  

6 )  Self-coupled  feedback.  

The f i r s t   t h r e e   s y s t e m s  were eva lua ted   and   cons idered  
inadequate  fo r  accura te   cont ro l   o f   the   weld ing   process .  Tests 

wi th  t h e  l a s t  th ree   sys t ems   i nd ica t ed   t ha t   t hey   migh t   be  
capable  of ma in ta in ing   p rocess   con t ro l   o f   t he  arc  and  the 
molten  puddle. 

E lec t rode   Pos i t ion   Al ignment   and   Dis tance   f rom Work. ~~ ~ 

During  the f i r s t  1/4-inch t e s t  series o f   ho r i zon ta l   we lds ,   t he  
e l e c t r o d e  was cen te red  over t h e   j o i n t ;   h o w e v e r ,   i n   t h e   w e l d e d  

8- 8 



cross s e c t i o n  t h e  m e l t  zone w a s  n o t  symmetrical about  t h e  

c e n t e r l i n e  of t h e  e l e c t r o d e .   I n  fact ,  t h e   p o i n t   o f  maximum 
p e n e t r a t i o n  w a s  approximate ly   0 .075   inch   above   the   e lec t rode  
c e n t e r l i n e ,   a s  shown i n   F i g u r e  8-2.  Although  Figure 8-2 
shows cross s e c t i o n s  of welds 3/4 i n c h   t h i c k ,  similar pheno- 
mena were observed   in   welds  1 / 4  i n c h   t h i c k .   I n   s e v e r a l  
specimens,   a l though  penetrat ion w a s  comple te ,   the  m e l t  zone 
d i d   n o t  cover the e n t i r e   j o i n t .  New specimens w e r e  welded 
t o  r e p l a c e   t h e s e   j o i n t s .   D u r i n g  a l l  fu r the r   we ld ing  of 
1 /4 - inch   t h i ck   ma te r i a l   t he   e l ec t rode  w a s  centered  0.075  inch 
below t h e   j o i n t .   A d d i t i o n a l  tests were conducted t o  f u r t h e r  
e v a l u a t e   t h i s  phenomenon. 

(17 )  

Welds i n  the 3 /4 - inch   t h i ck   p l a t e  were made from  both 
s i d e s .  A s  i n  the 1/4-inch  welds, a nonsymmetrical m e l t  zone 
o f t en   caused  lack of   penetrat ion.   For   example,  Weld N o .  U 1 5 4  S T ,  

shown i n   F i g u r e  8 -2 ,  h a d   s u f f i c i e n t   p e n e t r a t i o n   t o   i n d i c a t e  
o v e r l a p ,   b u t   a g a i n  the m e l t  zone d i d   n o t   c o v e r   t h e   j o i n t .  
This   condi t ion   could   no t  be d e t e c t e d   i n  X-ray in spec t ion ,   no r  
was it observed   dur ing   f ixed  3 X  photographic   examinat ion  of  
t h e   c r o s s   s e c t i o n .  It became a p p a r e n t   i n  t h e  f r a c t u r e   s u r f a c e  
of t h e  t e n s i l e - t e s t   s p e c i m e n   f o r  which t e n s i l e   s t r e n g t h  w a s  
very low. 

Another phenomenon observed   dur ing   the   exper iments   tha t  
w i l l  r e q u i r e   a d d i t i o n a l   i n v e s t i g a t i o n  i s  t h e  r e l a t i o n s h i p  of 

e l ec t rode   pos i t i on   and   dep th  of p e n e t r a t i o n .  Some specimens 
had   cons iderably   deeper   pene t ra t ion   on   one   s ide   than   on   the  
o t h e r   s i d e ,  as shown i n   F i g u r e  8-2b and  8-2c. The welds  on 
e a c h   s i d e   o f   t h e   p l a t e  were set  u p   w i t h   i d e n t i c a l   w e l d  
parameters   and   examinat ion   of   record ings   conf i rmed  tha t   these  
s e t u p s  were a c t u a l l y   e s t a b l i s h e d .   I n  some cases the   second 
weld  had less p e n e t r a t i o n   t h a n  t h e  f i r s t  weld,   whi le  t h e  re- 
verse  w a s  i n d i c a t e d  i n  o t h e r  tests. I t  was found t h a t  i n  

almost a l l  cases w i t h  less p e n e t r a t i o n ,  t h e  e l e c t r o d e   p o s i t i o n  
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TOP 

4 
BOTTOM 

A. INCOMPLETE FUSION DUE TO 
NON SYMMETRICAL MOLTEN 
ZONES (SPECIMEN  U154ST) 

BOTTOM 

B. THE  FIRST WELD HAD SHALLOWER 
PENETRATION (SPECIMEN U172ST) 1 

BOTTOM 

+Electrode  penetration  and 
t ip   diameter  

::::::Joint location C. THE SECOND  WELD HAD SHALLOWER 
PENETRATION (SPECIMEN U182ST) 

Figure 8-2. Examples of welds having incomplete  fusion and irregular nugget shapes. 



was deeper. The  electrode  position  for  these  welds  was 
controlled by the  automatic  head  to  maintain  a  constant 
arc  voltage.  In  every case, the  arc  voltage  readings  were 
stable  and  accurately  controlled at the  correct.settings. 
However,  the  electrode  position  recording  was  erratic  in 
most cases. 

The  Lockheed  investigators  concluded  that (1) with  a 
given  welding  setup  and  with  automatic  voltage  control,  the 
deeper  electrode  position  indicates  that  a  hemispherical 
arc  cavity  has  developed  that  will  result in a  reduction  of 
penetration  and  (2)  variation  in  penetration  due to changes 
in  electrode  position  is  as  great  as  that  due  to  changes 
resulting  from  the  classic  parameters. 

Other  Problems.  Investigations also were  made  of 
"" 

various  other  problems  including: 

1) Accuracy  of  inert-gas  flowmeter 
2)  Variation  in  tungsten-electrode  resistance 
3 )  Variation  in  torch  resistance 
4)  Shielding  gas  contamination 
5) Effect  of  tungsten  electrode on welding  parameters. 

Statis-tical_-Analysis -~ ~~ -~ ~- ~ of Effects on Welding 
Parameters - - -. -. - on Weld  Qualities 

Procedures.  Table  8-2  shows  three  values  for  each of 
nine  independent  parameters  used  for  GTA  welds in 1/4- and 
3/4-inch  plate.  A  constant-current,  voltage-control  GTA 
system  was  used.  Table  8-3  shows  how  the  nine  parameters  were 
changed  in  the  experimental  design  for  each  of 36 specimens. 
The  letters H (high), M (medium),  and L (low)  are  used  to 
represent  the  value for each  parameter  as  shown in Table 8-2. 
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TABLE 8-2. PARAMETERS  FOR  GTA WELDING 2219-T87 ALLOY  PLATES 1 /4 AND 3/4 IN. THICK. 

Code 3/4-in. Thick We 1/ 4-in. Thick Welds * 
Letter Medium High Low Medium High 

Arc current 

0.1817 0.3835 0.682 0.955 1.228 Wd Wire deposite  per  inch 

9 10 19 21  23 T Travel  speed 

11.35 11.5  12.25 12.5  12.75 V Arc voltage 

4.20 4. 40 2.60 2. 73 2. 85 C 

00 

P 
N 

I of weld 

Shielding-gas  purity 

0.010 0.020 0 0.010 0.020 J Joint gap 

1.13 1.50 0. 75 1.13  1.50 "F Work temperature 

1.00 1.25 0.75 1.00 1.25 Gf Shielding-gas flow 

0. 90 1.50 0.30 0.90  1.50 GP 

Electrode  tip diameter D 0.125 0.108 0.090 0.122 0.135 

*One-pass  weld 

:::kWo-pass weld (one  pass  from both surfaces) 

11.2 

8 

0 

0.30 

0.75 
~~ 

0.75 

0 

0.108 

1 



TABLE 8-3. 

I - t i e i c e s  
1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
1 4  
15 
16 
17  
18 

19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 

EXPERIMENTAL  DESIGNS FOR GTA WELDS 1/4 AND 3/4 IN. THICK. 

C 
____ 

L 
H 
M 
L 
L 
L 

H 
L 
H 
M 
L 
L 

H 
L 
L 
H 
L 
L 

L 
M 
H 
H 
L 
H 

L 
M 
L 
H 
H 
H 

__. .~ 

V 

L 
L 
M 
L 
H 
L 

L 
H 
H 
M 
H 
H 

L 
L 
H 
H 
H 
L 

L 
M 
H 
H 
H 
L 

L 
M 
L 
H 
L 
L 

~ ~. 

- 

T 

L 
L 
M 
L 
L 
H 

L 
H 
L 
M 
L 
H 

L 
L 
L 
H 
H 
L 

H 
M 
H 
L 
H 
H 

H 
M 
H 
H 
H 
H 

Wd 

H 
H 
M 
L 
L 
H 

L 
L 
H 
M 
H 
L 

L 
H 
L 
H 
H 
L 

L 
M 
L 
H 
H 
L 

H 
M 
L 
L 
H 
H 

G P  - 
L 
L 
M 
H 
H 
H 

H 
L 
L 
M 
H 
H 

L 
H 
L 
L 
L 
L 

H 
M 
L 
H 
H 
L 

L 
M 
L 
H 
L 
H 

Gf 

H 
H 
M 
H 
L 
L 

H 
H 
L 
M 
H 
L 

L 
L 
H 
L 
L 
L 

H 
M 
H 
H 
H 
L 

H 
M 
L 
L 
H 
L 
- 

"F 

L 
H 
M 
L 
L 
L 

H 
L 
H 
M 
H 
H 

L 
H 
H 
L 
H 
L 

H 
M 
H 
L 
L 
H 

H 
M 
L 
L 
L 
H 

- 
J 

L 
H 
M 
H 
L 
H 

L 
H 
L 
M 
H 
H 

L 
L 
L 
H 
L 
L 

L 
M 
L 
L 
L 
H 

H 
M 
L 
L 
L 
L 

- 
D - 
H 
L 
M 
L 
H 
H 

H 
H 
H 
M 
H 
L 

L 
L 
L 
L 
H 
L 

H 
M 
L 
L 
L 
H 

L 
M 
L 
H 
H 
L 
- 
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TABLE 8-3. (Concluded) 

Sequences 

34 
35 
36 

TABLE 8-4. 

C 

L 
H 
H 
H 
L 
H 

T 

H L 

Wd 

L 
H 
H 
L 
H 
L 

G P  

L 
H 
H 
H 
H 
L 

Gf 

L 
L 
L 
H 
L 
H 

"F 

H 
L 
H 
L 
L 
L 

H 
H L 
H L 
H H 

PARAMETERS FOR GMA WELDING 2219-T87 ALLOY ?h IN. THICK. 

Code Letter 

Arc current 

Distance  from  contact 

A Torch  angle 

T Travel  speed 

V Arc  voltage 

C 

C P  
tube  to  work 

" ~~ 

High Medium Low 

24. 5 

26 22 24 

20 0 10 

0.500 0.400 0.450 

~ . . ~  . ~~ 
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Table  8-4  shows  values  of  parameters  used.  for GMA welds 
in 1/4-inch  plate.  The  variables  were  changed  in  the  three 
levels  shown so that  welds  were  made  under 21 different 
conditions. 

Figure  8-3  shows  how  specimens  were  prepared  from  both 
GTA and GMA welds. Three  tensile-test  specimens,  one 
cross-section  specimen,  and  one  longitudinal-section  specimen, 
were  prepared  from  each  weld.  On  all  weldments  the  follow- 
h g  14  responses  were  measured:  ultimate  tensile  strength 
~FTVl I yield strength  (FTY) , elongation  (E),  melt  area (M) , 
melt  crown  area  (Mc) , melt  fall-through  area (Mf) , heat- 
affected  area (HI, penetration (P) , build  up (B) , electrode 
position  (Ep) , porosity (X), maximum  temperature  of  back 
bead  (Mt),  time  above  450°  F  (Tt),  and  area  under  temperature 
curye  above 450  O F  (At) . 

(16) 

A multiple  stepwise  regressive  analysis  was  made,  using 
an IBM 7094  computer  to  determine  the  correlation  between 
the  independent  variables  and  each of the  responses. 

Results ". - - of ~. Statistical  Analyses.  Table  8-5  summarizes 
results of  the  regression  analyses.  Regression  equations  and 
the  coefficient  of  determination,  which  is  the  square  of  the 
multiple  coefficient,  are  shown.  For  example,  the  ultimate 
tensile  strength,  Ftu, of the  1/4-inch  welds is 

Ftu = 446.1 - 21.62  (T) + 9.247 (C-T) - 172.9 ( C )  

- 60.02 (T'D) + 1138 (D) - 0.2276  (TmWd) (8-1) 

where, 

Ftu = Ultimate  tensile  strength,  ksi 
T = Travel  speed,  ipm 
C = Arc  current,  amp/100 
D = Electrode  tip  diameter,  inch 
Wd = Volume  of  filler  wire  deposited  per  inch  of  weld, 

inch3 x 100/inch 
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TENSILE  TEST  SPECIMENT FOR 
DETERMINING  YIELD,  ULTIMATE 
AND ELONGATION 

A-A AND ETCHEDFORMACRO 
TlON 

Figure 8-3. Weld test specimen of 1/4 and 3/4 in.  thick 2i19-T87 aluminum  alloy. 



TABLE 8-5. RESULTS OF STATISTICAL ANALYSES OF THE  EFFECTS OF WELDING PARAMETERS ON WELD 
QUALITIES. 

Regression  Equations  Determined 

1) 1/4-in. GTA weld 

Ftu = 446.13854 - 21.61667 (T)  + 9.24738 ( C .  T) - 172.85070 (C)  
- 60.01508 (T D) + 1138.0066  (D) - 0.22755 ( T  * Wd) 

Fty = 29.75927 - 10.05339 (T * D) + 62.75876 ( C  - D) + 0.68234 ( T .  Gp) 
- 4.74571 ( C  * Gp) - 2.89151  (Gf) 

M = 0.05805 - 0.00597 (T) + 0.00480 (C  * D) + 0.00040 ( T .  O F )  
- 0.00060 ( T  * Wd) - 0.00047 ( T  Gf) 

H = 0.07413 - 0.00495 (T) + 0.00526 ( C  * V) 

P = 3.94197 - 0.19187 (T)  + 0.07597 ( C  * T) - 1.25753 ( C )  

B = 0.09253 + 0.00138 ( T  * Wd) - 0.00309 ( C  * V) + 0.01063 (T * D) 

Coefficient of 
Determination, 

percent 

86 

55 

86 

57 

61 

54 



TABLE 8-5. (Continued) 

Regression  Equations  Determined 

2) 3/4-in. GTA weld 

Ftu = 173.89012 - 4.53235 (T) + 78.89110 (Ep)  - 8.37078 ( V )  - 2.18180 (Gp) 

Fty = 118.32079 + 68.89160 (Ep) - 2.47662 ( T )  - 5.53961 ( V )  

E = 17.68104 - 0.68521 ( T )  + 16.18741 (Ep)  - 1.08126 ( V )  + 1.53388 ( C )  

M = 0.11159 - 0.01110 ( T )  + 0.06422 ( C )  + 0.30611 (Ep)  - 0.38142 (D) 
+ 0.00959 ( "F) + 0.01059 ( V )  

Q = 0.75779 - 0.07020 ( T )  + 0.03589 (Gp) + 1.37834 (Ep)  + 0.17712 (C) 
- 0.05904 ( V )  - 1.32220 (D) 

H = - 0.63726 - 0.02646 ( T )  + 0.16348 (C) + 0.66632 (Ep)  + 0.94564 ( V )  
- 0.87501 (D) + 0.02070 ( 'F) 

P = 0.28945 - 0.03090 ( T )  + 1.19985 (Ep)  + 0.13459 ( C )  - 1.48151 (D) 
+ 0.01139 (Gp) 

B - 0.03320 + 0.02956 (Wd)  + 0.02293 ( C )  - 0.00375 (T) + 0.00446 (Gp) 
+ 0.00570 ( OF) 

Coefficient of 
Determination, 

percent 

74 

56 

64 

82 

87 

85 

82 

65 



TABLE 8-5. (Concluded) 

Regression  Equations  Determined 

3) 1/4-in. GMA weld 

Fty = 49.18872 - 3.42473 ( A .  Cp) + 0.02603 (A2) + 0.16532 ( V -  A) 
- 0.03485 (V2) - 2.39324 ( A )  - 0.01963 ( T .  A) 

M = - 0.06014 + 0.08260  (C) - 0.00006 (T2)  

Q = - 0.83123 + 0.40188  (C) - 0.00021 ( V .  T) + 0.07513 ( A )  
- 0.00034 (A') - 0.00115 ( V -  A) + 0.35249  (Cp) - 0.1747 ( A  Cp) 
- 0.00032 ( T .  A) 

P = - 0.28764 + 0.25248  (C) - 0.00038 ( V .  T) + 0.03060 ( A )  - 0.00020 (A2) 
- 0.00917 ( C  * A) + 0.01113 ( T  Cp) - 0.01714 ( A  * Cp) 

Coefficient of 
Determination, 

percent 

71 

53 

88 

70 



The  coefficient of determination  inthis  case  was 86 percent; 
that is, the  variables  expressed  in  the  regression  equation 
accounted  for 86 percent  of  the  variation  observed in Ftu. 
Regression  equations  are  not  given  in  Table 8-5 for  those 
items  with  less  than 50 percent  coefficient  of  determination. 

In  reviewing  the  regression  equations,  it  was  noticed 
that  travel  speed (T) is  a  significant  parameter  for  many 
responses,  especj.ally  for  GTA  welds.  Table 8-6 shows  the 
most  significant  parameter  for  each  response  and  the  percent- 
age  of  response  explained  by  that  parameter.  Travel  speed 
was  the  most  significant  parameter  for 5 of  the 6 responses 
listed  for  l/l-inch  thick  welds  and 6 of  the 8 responses 
listed  for  3/4-inch  thick  welds.  For  example, Ftu decreased 
as T increased,  and  the  change  in T was  responsible  for  over 
40  percent  of  the  changes  in  Ftu. 

On  GMA  welds,  the  coefficient  of  determination  was  more 
than 50 percent  for  only 4 responses,  as  shown in Table 8-5. 

The  accuracy  of  the  three  equations  which  had  coefficients 
of determination  better  than 70 percent, Fty, Q, and P, are 
questionable  because  many  terms  are  involved. For this 
reason,  the  regression  analysis  for  GMA  welds  are  not  consi- 
dered  reliable,  as  pointed  out  by  the  Lockheed  investigations. 

Analysis  and  Evaluation of the  Lockheed ~~~~ ~ Study ~ -~ on .. 
Transferability  of  Setup  Parameters 

Summary of the  Lockheed  Study.  It  has  been  found  that 
in  order  to  transfer  weld  quality  in  the  GTA  process  good 
instrumentation  must  be  provided for the  six  basic  GTA 
welding  variables,  travel  speed,  electrode  position,  current, 
voltage,  gas  purity,  and  electrode  tip  diameter,  listed  in 
their  order  of  importance.  The  instrumentation  should  have 
high  resolution,  with  trace-type  potentiometric  recorders 
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TABLE 8-6. PERCENTAGE OF VARIATION  IN  RESPONSE  EXPLAINED 
BY THE  INDICATED  PARAMETER IN REGRESSION 
ANALYSIS FOR WELDS 1/4 AND 3/4 IN. THICK. 

1/4-in.  Thick  Welds I 3/4-in.  Thick  Welds 

Parameter 

T 
T 
- 
T 

Percentage 
of Response 
Explained 

43 
1 4  
- 
53 

~~~ 

- 
29 
30 
25 

-. .. 

only are included. 

Percentage 
of Response 

Explained 

44 
41 
43 
51 

Wd 30 

8-2 1 



p r e f e r r e d .  Where the   condi t ions   above  are m e t ,  a long   wi th  
d u p l i c a t e   c o n d i t i o n s  of w e l d - j o i n t   p r e p a r a t i o n ,   t o o l i n g ,  
and   weld ing   pos i t ion ,   dupl ica te  trace r e c o r d i n g s   i n d i c a t e  
d u p l i c a t e  welds. 

N o  def in i te   conc lus ions   have   been   drawn by t h e  Lockheed 
inves t iga tors   regard ing   parameters   which   need  t o  b e   d u p l i c a t e  
f o r  a s u c c e s s f u l   t r a n s f e r  of GMA welds.  

I n t e g r a t o r ' s  Comments ~~ on ~ t h e  .~ Sta t i s t ica l  Analys is .  ~ . .  - 

Welding  engineers  have  always  needed a re l iable ,  r a t i o n a l  
means of   se lec t ing   proper   weld ing   parameters .   There  are 
many variables such as we ld ing   cu r ren t ,  arc v o l t a g e ,   t r a v e l  
speed, e t c . ,  and   t he re  are many factors t o  be  considered 
inc luding   pene t ra t ion ,   weld   shape ,   mechanica l   p roper t ies   o f  
t h e   j o i n t ,  e tc .  So f a r ,   t h e   s e l e c t i o n  of proper   parameters  
has  been made p r i m a r i l y   o n   t h e   b a s i s  of pas t   expe r i ence   and  
empi r i ca l   da t a .  It i s  ve ry   impor t an t   t o   deve lop  a s c i e n t i f i c  
t e c h n i q u e   f o r   t h i s   s e l e c t i o n .  

There i s  no   doub t   t ha t  s t a t i s t i ca l  a n a l y s i s  would be 

u s e f u l   f o r   a n a l y z i n g   e x p e r i m e n t a l   d a t a .  The a t t e m p t s   i n   t h i s  
d i r e c t i o n  by  Lockheed  invest igat ions are worthwhile.  However, 
t h e i r   r e s u l t s  are n o t   c o m p l e t e l y   s a t i s f a c t o r y .  

First of a l l ,  r e s u l t s   o f   t h e  s t a t i s t i ca l  a n a l y s i s  are 
no t   cons i s t en t .   Th i s  i s  shown i n   t h e   r e g r e s s i o n   e q u a t i o n s  
i n  Table 8 - 4 .  For e x a m p l e ,   t h e   u l t i m a t e   t e n s i l e   s t r e n g t h ,  
F tu ,  w a s  a f u n c t i o n  of T ,  C x T ( in t e rac t ion   be tween  C and T ) ,  

C ,  T x D ,   D ,  and T x Wd for   1 /4- inch  GTA welds;   while it w a s  
a func t ion   of  T ,  Ep, V ,  and Gp for   3/4- inch GTA welds. N o  

s ign i f i can t   co r re l a t ion   ex i s t ed   be tween   F tu   and   i ndependen t  
va r i ab le s   fo r   1 /4 - inch  GMA welds. The y i e l d   s t r e n g t h s   o f  
welds were func t ions   o f   the   fo l lowing   parameters :  
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L 

1/4-in. GTA Welds 

T x D  

C x D  

T x Gp 

C x Gp 

G t  

3/4-in. GTA Welds 

EP 

T 

V 

1/4-in.  GMA Welds 

A x Cp 

A2 

V2 

V X A  

A 

T x A  

A second  shortcoming i n   t h e   s t a t i s t i c a l   a n a l y s i s  is  t h e  
f a c t   t h a t  little a t t e n t i o n  w a s  p a i d   t o   t h e   p h y s i c s  of the 

problems  s tudied.  As an  example, l e t  u s  discuss   problems 
r e l a t e d   t o   t h e   u l t i m a t e   t e n s i l e   s t r e n g t h  of a weld .   In   the  
Lockheed   s tudy ,   t ens i le  tests were made on t r a n s v e r s e   s p e c i -  
mens, a s  shown i n   F i g u r e  8-4.  Many welds   conta ined   var ious  
degrees  of incomple te   fus ion ,  as shown i n   F i g u r e  8-3. Mecha- 
n i c a l   p r o p e r t i e s  of such  welds  should  be  determined  by  the 
amount of incomplete   fusion,   which i s  a mechanical fac tor ,  
as w e l l  as by p r o p e r t i e s   o f  t h e  weld metal, h e a t - a f f e c t e d  
zone,  and the b a r e  metal, which are material o r  m e t a l l u r g i c a l  
f a c t o r s .  The u l t i m a t e   t e n s i l e   s t r e n g t h   o f  t h e  w e l l  w i l l  
decrease  as t h e  amount   of   incomplete   fusion  increases .  I t  i s  
a lso known t h a t   w e l d   s t r e n g t h   i n  2219-T87 aluminum a l l o y  
decreases  as the   weld  heat i n p u t   i n c r e a s e s ,  as shown i n  
F igure  3-2. These   mechanica l   and   meta l lurg ica l   fac tors  
affect  the  s t r e n g t h  of welds   p repared   under   var ious   condi t ions .  

F igure  8-4 shows schemat ica l ly  how weld ing   condi t ions  
c o u l d   a f f e c t   t h e   s t r e n g t h  of a weldment. When a s q u a r e   b u t t  
j o i n t  i s  welded wi th   very  l o w  h e a t   i n p u t ,  l o w  arc c u r r e n t  
and  high t rave l  s p e e d ,   t h e   p e n e t r a t i o n  i s  sha l low,  as shown 
i n   F i g u r e  8-4a  and  weld  strength  would  be  very low. When a 
j o i n t  i s  welded  with medium h e a t   i n p u t  t o  obta in   comple te  
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INCOMPLETE 
PENETRATION 

a. WELD  WITH LARGE AMOUNT OF INCOMPLETE FUSION, 
VERY LOW STRENGTH 

b. WELD  WITH COMPLETE  PENETRATION, HIGH  STRENGTH 

C .  WELD  WITH EXCESSIVE HEAT  INPUT, NOT VERY 
HIGH STRENGTH 

~ ~ ~~ ". 

INCOMPLETE 
/PENETRATION 

d e  WELD  WITH  MISMATCH, VERY LOW STRENGTH 

Figure 8-4. Effects of welding parameters on cross section  and  strength of weldments. 
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p e n e t r a t i o n ,  as shown i n   F i g u r e  8-4b,  weld  strength  would  be 
high.  When a j o i n t  i s  we lded   w i th   h igh   hea t   i npu t ,   excess ive  
p e n e t r a t i o n   r e s u l t s ,  as shown in   F igure   8 -4c ,   and   weld   s t rength  
would  not   be  very  high,   because  of   metal lurgical   damages  due 
t o  t h e   e x c e s s i v e   h e a t .  When weldsmade  from e i t h e r   s i d e  are 
mismatched, as shown i n   F i g u r e  8-4d,  weld  strength  would  be 
very  l o w .  

In   ana lyz ing  effects of   weld ing   parameters   on   the   s t rength  
of  welds,  it i s  impor t an t   t o   s epa ra t e   t he   mechan ica l  effect  
a n d   t h e   m e t a l l u r g i c a l   e f f e c t .   S i n c e   t h e   s t r e n g t h   o f   w e l d s  
wi th   incomple te   pene t ra t ion  has, i n   t h i s  case, no p r a c t i c a l  
meaning, the a n a l y s i s   s h o u l d  be l i m i t e d   t o   w e l d s   w i t h  com- 
p l e t e   p e n e t r a t i o n .  However, many welds   inc luded   in  t h e  

Lockheed  study  contained  various  amounts  of  incomplete 
penetrat ion.   Consequent ly ,  the use fu lness   o f   t he   r eg res s ion  
equa t ions ,  shown i n   T a b l e  8-5, o n  mechanica l   p roper t ies  i s  
ques t ionab le .  For example,   consider  t h e  r e g r e s s i o n   a n a l y s i s  
o f   u l t i m a t e   t e n s i l e   s t r e n g t h .  The e q u a t i o n   i n d i c a t e s   t h a t  
t r ave l   speed   had  t h e  g r e a t e s t   e f f e c t   o n   u l t i m a t e   s t r e n g t h  
and t h a t  s t r eng th   dec reased  as t r a v e l   s p e e d   i n c r e a s e d .  The 
r e s u l t s   m i g h t   a c t u a l l y  be d u e   p r i m a r i l y   t o   t h e   f a c t   t h a t   t h e  
s e c t i o n a l   a r e a   o f  t h e  specimen  decreased as the  t rave l  speed 
i n c r e a s e d .   F u r t h e r   s t u d i e s   n e e d   t o  be made of phys i ca l  
meanings of r e g r e s s i o n   e q u a t i o n s   f o r   t h i s   a n d   o t h e r   r e s p o n s e s .  
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8 . 2  Development  of  Welding Process Control   Systems 

When w e  e v a l u a t e   t h e   c u r r e n t   w e l d i n g   p r a c t i c e ,  w e  f i n d  
t h a t  w e  have  very l i t t l e  cont ro l   dur ing   weld ing .   For   example ,  
l e t  u s   t a k e  a case of   prevent ing  weld  porosi ty .  By conducting 
v a r i o u s   s t u d i e s ,  w e  have   found  tha t   sh ie ld ing   gas   mus t   be  
pure  and  the metal sur face   mus t  be c l e a n   i n   o r d e r  t o  produce 
po ros i ty - f r ee   we lds .  What do w e  u s u a l l y   d o   a f t e r   t h a t ?  

First, w e  buy  pure  shielding  gas   and make s u r e   t h a t  a l l  
j o in t s   be tween   t ubes   l ead ing  t o  the   we ld ing   t o rch  are t i g h t .  
However, w e  have  no way of  knowing how pure   sh i e ld ing   gas  i s  
as it comes f rom  the   to rch .  We do t h e   b e s t  w e  can t o  c l e a n  
t h e   s u r f a c e .  We may even  decide t o  machine  the metal s u r f a c e  
ju s t   be fo re   we ld ing ,   pe rhaps   u s ing   such  a too l  developed a t  
I I T R I  ( r e f e r  t o  Chapter  5 . 3 ) .  However, a g a i n ,  w e  do n o t  
know whether o r  n o t   t h e   s u r f a c e  i s  s u f f i c i e n t l y   c l e a n .  

It  would be v e r y   d e s i r a b l e   i f  w e  could   de te rmine   the  
p u r i t y   o f   s h i e l d i n g   g a s   a n d   t h e   c l e a n l i n e s s   o f  metal s u r f a c e  
j u s t  before   weld ing ,  o r  even  monitor  them  during  welding 
operat ion.   Al though no  such  system  has   not   been  ful ly   devel-  
oped,   the   recent   development  a t  the  Boeing Company i s  a 
s i g n i f i c a n t   a d v a n c e m e n t   t o w a r d   t h a t   d i r e c t i o n .   S i n c e   r e s u l t s  
of   the   Boeing   s tudy   have   been   covered   in   Chapter  5 ,  t h e  
fo l lowing   pages   desc r ibe   b r i e f ly   sub jec t s   wh ich  are d i r e c t l y  
r e l a t e d  t o  manufac tur ing   process   sys tem  cont ro l .  

Prevent ion  of   Porosi ty  by  Monitoring  Shielding-Gas 
Pur i tv   and   Sur f  ace C l e a n l i n e s s  

I n v e s t i g a t i o n s  a t  Boeing'28)  have  designed a prove 

which  could  continuously  sample a very small p o r t i o n  of gas  
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and  deliver it to  a  mass  spectrometer  for  analysis.  Such  a 
monitoring  device,  when  it is perfected,  can  be  used  during 
actual  fabrication  of  space  vehicles. 

Investigators at IITRI (20 )  and  Boeing ( 2 8 )  have  developed 
techniques for  analyzing  surface  contaminants on metal 
surfaces. A device can further  be  developed  which  is  capable 
of  determining  whether or not  a  metal  surface is clean  enough 
for welding.  When  the  surface is not  clean  enough,  a  surface 
cleanlng  device,  such  as  that  developed  by  IITRI,  can  then 
be  used  to  clean  the  surface  on  the  spot. 

Comnuter  Simulation of Welding  Processes  to 
Predict  Thermal  Effects 
" .~ ""- " - - 

Computer  programs  developed  at  Battelle  and M.I.T. have 
proved  to  be  useful in analyzing  thermal  stresses  during 
residual  stresses  and  resulting  residual  stresses.  Without 
a computer, such calculations  would  need  months of engineers 
time e 

By  using  computers it should  be  possible  to  simulate 
welding  processes  to  predict  various  thermal  effects: 
material  degradation  due  to  metallurgical  changes  as  well as 
residual  stresses. 
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CHAPTER 9 
Summary  and  Practical  Recommendations. 

This  chapter  summarizes  important  findings  obtained 
during  the  NASA-sponsored  studies on welding  aluminum.  Also 
presented  here  are  practical  recommendations  generated  during 
this  integration  study.  The  following  subjects  are  discussed: 

1. 
2. 
3 .  
4 .  

5. 
6 .  

7. 
8 .  

9. 

10. 

11. 
12. 
13. 
14. 
15. 
16. 

Effects  of  porosity  level  on  weld-joint  performance 
Mechanisms  of  porosity 
Sources of porosity 
Methods of controlling  and  eliminating  porosity 
Weld  thermal  effects 
Welding  with  high  density  power  sources 
Time-temperature  control  by  cryogenic  cooling 
Analysis  of  thermal  stresses  during  welding  and 

Reduction  of  warpage and  residual  stresses  by 
controlling  thermal pattern  during  welding 

Development  of  nondestructive  techniques  for 
determining  residual  stresses  and  fatigue  damage 
in  metals 

residual  stresses 

Transferability  of  setup  parameters 
Selection  of  welding  parameters 
Recommendations  for  weld  inspection 
Recommendations  for  weld  repair 
Closing  comments 
List  of  important  future  work 



1. E f f e c t s  of Po ros i ty  Level on Weld J o i n t  Performance 

E f f e c t s  of p o r o s i t y  l e v e l  on weld j o i n t  performance w e r e  
The sub- i n v e s t i g a t e d  i n  Study 5 a t  t h e  Martin Company. ( 1 4  ) 

ject  w a s  also i n v e s t i g a t e d  t o  a l i m i t e d  e x t e n t  a t  t h e  Boeing 
Company. (8 1 

Sta t ic  Tens i l e  S t r eng th  of Transverse-Weld Specimens. 
T h e o r e t i c a l l y ,  t h i s  loss i n  s t r e n g t h  should be approximately 
p r o p o r t i o n a l  t o  t h e  loss of s e c t i o n a l  a r e a  due t o  p o r o s i t y  
in t h e  p l a n e  of t h e  e x p e c t e d  f r a c t u r e .  

I n  t h e  experiments conducted a t  t h e  Mart in  Company, 
i n v e s t i g a t o r s  prepared specimens from welds made w i t h  s h i e l d -  
i n g  gas  contaminated w i t h  w a t e r  vapor. They found a marked 
decrease  i n  s t r e n g t h  due t o  poros i ty  when only  pores  1 / 6 4  
i nch  i n  diameter  and l a r g e r  were counted i n  f i g u r i n g  loss of 
s e c t i o n a l  area. A 5 pe rcen t  loss of s e c t i o n a l  a r e a  caused 
as much a s  30 percen t  r educ t ion  i n  s t r e n g t h .  

A close i n v e s t i g a t i o n  revealed t h a t  the  specimens had 

a l a r g e  number of very  f i n e  pores less than 1 / 6 4  i nch  i n  
d iameter .  I n  a l a te r  i n v e s t i g a t i o n  a l l  pores  w e r e  counted, 
and i t  w a s  found t h a t  t he  loss of s t r e n g t h  due t o  p o r o s i t y  
w a s  p r o p o r t i o n a l  t o  t h e  reduct ion of s e c t i o n a l  area. T h e  

theory  w a s  f u r t h e r  v e r i f i e d  i n  an experiment involv ing  
specimens taken from product ion welds. 

Although t h e  conclusion reached a f te r  a l l  i s  s imple,  
t h e s e  s t u d i e s  have provided i n t e r e s t i n g  r e s u l t s  and p r a c t i c a l  
h i n t s  as fol lows:  

1) Aluminum welds may have a number of smal l  pores ,  
t h e r e f o r e ,  do no t  discount  s m a l l  pores  i n  i n s p e c t i o n .  

2 )  P o r o s i t y  obta ined  i n  h o r i z o n t a l  p o s i t i o n  welding 
appears  t o  be more damaging t o  mechanical p r o p e r t i e s  ' 
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than  o t h e r  p o s i t i o n s  because the  pores  are no t  
randomly d i s t r i b u t e d  throughout a l l  p o s s i b l e  frac- 
t u r e  p lanes .  They are ins t ead  favorably  s i t u a t e d  
i n  a given p lane  which i s  normal t o  a t r a n s v e r s e  
load. This  becomes a plane of weakness. 
When conducting an experiment on p o r o s i t y  us ing  
a r t i f i c i a l l y  contaminated s h i e l d i n g  gas ,  be c a r e f u l  
about  t h e  r e s u l t s .  
are r a d i c a l l y  d i f f e r e n t  f r o m  product ion welds. 
Shapes and d i s t r i b u t i o n s  of weld d e f e c t s  may be 
d i f f e r e n t  and some material degrada t ion  may have 
taken p lace .  

3 )  

You may be  making welds which 

S t a t i c  Tens i l e  S t r eng th  of Longitudinal-Weld Specimens. 
Resu l t s  of t h e s e  s t u d i e s  i n d i c a t e d  t h a t  mechanical p r o p e r t i e s  
of l o n g i t u d i n a l  weld specimens a re  much less  a f f e c t e d  by 
p o r o s i t y  than  are those  of  a transverse-weld specimen because 
t h e  weld metal r e p r e s e n t s  only a f r a c t i o n  of the  cross s e c t i o n  
of the  specimen. 

Fa t igue  T e s t s  of Transverse-Weld Specimens. I t  has  been 
found i n  t h e  t w o  programs t h a t  f a t i g u e  l i f e  decreases  wi th  
po ros i ty .  For example, 1 0 %  poros i ty  causes:  

Reduction i n  f a t i g u e  s t r e n g t h  f o r  1 0 0 , 0 0 0  c y c l e  
l i f e  from over 20  k s i  t o  1 2  k s i  ( 4 0 %  less than  
t h a t  of t h e  sound w e l d )  
Reduction i n  the  number o f  cyc le s  t o  f a i l u r e  

Under 20  k s i :  

t h a t  of t h e  sound weld) 
Under 1 0  k s i :  

(1/20 t h a t  of t h e  sound w e l d )  

from over lo4 t o  around lo3 (1/10 

from over lo6 t o  around 5 x 1 0  4 
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2. Mechanisms of Porosity 

A study was made of welding  parameters on the nucleation 
and  growth  of  porosity.  However,  there  appears  to  be 
reasons f o r  questioning  the  reliability of some of the 
equations  used in the  statistical  analysis.  More  studies  are 
needed  before  conclusive  statements  can  be  made on the 
mechanisms of porosity  formation. 

(11 1 

3 .  Sources  of  Porosity 

Sources  of  porosity in aluminum  weldments  can  be 
classified  as: (1) contamination of shielding  gas, (2) sonta- 
mination  of  the  joint  or  filler-metal  surfaces,  and ( 3 )  com- 
position of base  plate  and  filler  metal. 

Shielding-Gas  Contamination. It has  been  found  that 
shielding-gas  contamination  can  be  one  of  the  major  sources 
of porosity in  aluminum  weldments.  However,  it  also  has 
been  found  that  commercial  shielding  gas  is  normally  accept- 
ably  pure  as  received.  In  the  NASA-sponsored  programs  con- 
ducted  at  Boeing, ( 8 )  Battelle, (9'10) Douglas, and 
Martin, investigators  reported  that it was  always 
necessary  to  intentionally  contaminate  the  shielding  gas to 

produce  an  appreciable  amount  of  porosity.  Welds  made  in 
the  laboratory  did not contain  appreciable  amounts  of  poro- 
sity when they were  made  with  proper  procedures,  that  is, 
when  plates  were  cleaned  properly  and  commercially  pure 
shielding  gas  was  used. 

(14 1 

The  effect  of  individual  gas  contaminants  were  studied 
by  making  welds in an  atmospheric-control  chamber  containing 
various  levels  of  gas  contamination. (8) The  metal  studied 
was  1/4-inch  thick, 2219-T87 aluminum  alloy,  welded  in  the 
horizontal  position  by  the  GTA  process  using  1/16-inch 

9-4 



diameter, 2319 aluminum-alloy filler w i r e .  The fo l lowing  
r e s u l t s  were obta ined:  

1) Increas ing   hydrogen   concent ra t ion   increased  
p o r o s i t y .  

2 )  I n c r e a s i n g  water vapor   i nc reased   po ros i ty .  
3 )  I n c r e a s i n g   o x y g e n   d i d   n o t   i n c r e a s e   p o r o s i t y :   i n  

some cases, a s l i g h t   d e c r e a s e   i n   p o r o s i t y  w a s  
observed. 

4 )  Inc reas ing   n i t rogen   had  l i t t l e  effect  on   po ros i ty .  

The Boe ing   i nves t iga to r s   p re sen ted   F igu re  5-3 as a 
guide f o r  con t ro l l i ng   sh i e ld ing -gas   con tamina t ion .  ( * )  The 
contaminat ion levels shown i n d i c a t e  where occurrence  of a 
weld-qual i ty   change i s  i n i t i a l l y   o b s e r v e d .  The f i g u r e  
i n d i c a t e s   t h a t  250 ppm of e i the r   hydrogen  or  water vapor 
w a s  n e c e s s a r y   b e f o r e   s i g n i f i c a n t   q u a l i t y   c h a n g e s  were 
observed. A s  shown in   F igure   5 -3 ,   sh ie ld ing-gas   contami-  
n a t i o n   c a u s e d   v a r i o u s   e f f e c t s   i n c l u d i n g  surface d i s c o l o r a -  
t i o n ,   u n d e r c u t ,   a n d   r e d u c t i o n   i n  arc  s t a b i l i t y .  Such 
phenomena a l s o  were observed i n  other   programs.  ( 9 , 1 0 , 1 1 , 1 4 )  

F igu re  5-4 g i v e s  t h e  c a l c u l a t e d   r e l a t i o n s h i p ,  as 
determined  by  the  Boeing  invest igators ,   between  percent  of 
wa te r - sa tu ra t ed  a i r  i n  t h e  base   gas   and   resu l t ing   hydrogen  
concen t r a t ion .  (8) The f i g u r e   i n d i c a t e s   t h a t  a t  70' F ,  f o r  
example,   an  addi t ion  of  0 . 6  p e r c e n t   s a t u r a t e d  a i r  t o  pure 
helium would r e s u l t   i n  250 ppm hydrogen i n   t h e   s h i e l d i n g   g a s .  

On t h e  basis of e x p e r i e n c e   g a i n e d   i n  the c u r r e n t  
programs, it i s  b e l i e v e d   - t h a t   t h e r e  i s  no r eason  t o  change 
t h e   p r e s e n t  NASA s p e c i f i c a t i o n  (MSFC-364A) f o r   s h i e l d i n g  
gas .  N o r m a l  commercial gases  which meet t h i s   s p e c i f i c a t i o n  
are b e l i e v e d  t o  h a v e   s u f f i c i e n t   p u r i t y .  

However, gas   con tamina t ion   can   occu r   w i th in   t he   bo t t l e ,  
o r  sometimes b e t w e e n   t h e   b o t t l e   a n d   t h e   t o r c h   n o z z l e .  Con- 
t amina t ion   cou ld   occu r   i n  a p a r t i a l l y  empty b o t t l e ,   f o r  
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i n s t a n c e .  O r ,  it could  occur   due t o  defective c o n n e c t i o n s   i n  
t he   t ub ing   sys t em.   Th i s  subject w i l l  be d i s c u s s e d   i n   a n o t h e r  
p a r t  of t h i s   r e p o r t .  

Surface  Contamination. The B o e i n g   i n v e s t i g a t o r s ,  based 

upon their f ind ing   on   sh i e ld ing -gas   con tamina t ion ,   r epor t ed  
t h a t  a s i n g l e   f i n g e r p r i n t   c o u l d   c a u s e   t h r e e  times t h e  minimum 
level of hydrogen  necessary t o  cause   po ros i ty   (F igu re   5 -5 ) .  
A thorough  eva lua t ion  of s u r f a c e   c o n d i t i o n s  as a p o t e n t i a l  
source   o f  weld p o r o s i t y  w a s  undertaken a t  I I T R I .  ( 2 0  1 

Table 5-2 summarizes t h e   s u r f a c e   p r e p a r a t i o n s   a n d  a 
d e s c r i g t i o n  of d e f e c t s .  A l l  tests welds c o n t a i n e d   s i g n i f i c a n t  
poros i ty   except   the   machined   spec imens   (F igure  5-8) t h a t  
received no f u r t h e r   t r e a t m e n t .   F i g u r e  5-9 shows l a rge   po ro -  
s i t y   e n c o u n t e r e d  when t h e   s u r f a c e  w a s  not   machined  but  w a s  
so lvent   degreased .   F igures   5 -10 ,  5-11, and 5-12  show photos 
taken  of machined  surfaces   with a s c a n n i n g   e l e c t r o n  micro- 
scope:  numerous tears and smears are p r e s e n t .   F i g u r e  5-13 

shows a f rac tured   spec imen  wi th  a r e s i d u e  of t r i c h l o r o -  
e t h y l e n e   n e a r   t h e   s u r f a c e .   F i g u r e  5-14 shows r e a c t i o n  
products  from chemica l   c leaning .  

F igu re  5-15 p r e s e n t s   t h e   f i n d i n g   i n  a simple  manner. 
Shown here are weld-defect p o t e n t i a l  of v a r i o u s   s u r f a c e  
p r e p a r a t i o n s .   F i g u r e  5-16 i s  a similar p r e s e n t a t i o n ,   b u t  
it i n c l u d e s   t h e   e f f e c t   o f   s t o r a g e  t i m e  o n   d e f e c t   p o t e n t i a l .  
As-machined s u r f a c e s  have t h e  lowest defect p o t e n t i a l .  

Composition of Base Plate  and F i l le r  Metal. An 
i n v e s t i g a t i o n  was made a t  Battelle of t h e  e f fec ts  o f   fou r  
f a c t o r s   o n   p o r o s i t y .  (9’10) The f o u r  fac tors ,  l i s t e d   i n  t h e  

order of t h e i r   i n f l u e n c e   o n   p o r o s i t y  level ,  are: 

1) Shie ld ing-gas   mois ture   conten t  
2 )  Al loying  e lements  
3 )  Metallic i m p u r i t i e s  
4 )  In te rna l   hydrogen   conten t .  
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The program w a s  c o n d u c t e d   i n  t w o  p h a s e s ,   t h e   f i r s t   p h a s e  
us ing   exper imenta l  base metals and f i l l e r  metals, and the 
second  phase  using commercial materials. The r e s u l t s   i n d i c a t e  
t h a t   b a s e - p l a t e   a n d   f i l l e r - m e t a l   c o m p o s i t i o n s  are n o t   l i k e l y  
t o  b e   s i g n i f i c a n t   s o u r c e s  of p o r o s i t y  as long  as (1) s h i e l d i n g  
gas   and   sur face   contaminat ion  are c o n t r o l l e d  a t  l o w  levels and 
(2) base plates and f i l l e r  metals are c a r e f u l l y   p r e p a r e d  t o  
meet t h e   p r e s e n t   s p e c i f i c a t i o n   w i t h   n o   g r o s s   h y d r o g e n   c o n t a -  
minat ion.  I t  h a s   b e e n   h y p o t h e s i z e d   t h a t   t h e r e  i s  a s y n e r g i s t i c  
effect  of a l l o y   a n d  metal impur i ty   con ten t ,   and   ex te rna l  
contaminat ion   ( sh ie ld ing   gas   and   sur face) ,   which   causes  
s i g n i f i c a n t   p o r o s i t y .   T h i s   h a s   n o t   y e t   b e e n   s u b s t a n t i a t e d .  

B e c a u s e   o f   t h e s e   f i n d i n g s ,   t h e   i n t e g r a t o r  recommends 
no changes i n   t h e   p r e s e n t  NASA s p e c i f i c a t i o n  fo r  base-p la te  
and   f i l l e r -me ta l   compos i t ions .  

4 .  Methods  of  Controll ing  and - El imina t ing   Po ros i ty  

I n  t h e  NASA research program  on  welding  aluminum, 
several a t t empt s  were made t o  develop   methods   for   cont ro l l ing  
a n d   e l i m i n a t i n g   p o r o s i t y .   S u b j e c t s   s t u d i e d   i n c l u d e :  

1. Surface   hydrogen   ana lys i s  
2 .  Su r face   p repa ra t ion  
3 .  Moni to r ing   sh i e ld ing   gas   pu r i ty  
4 .  O t h e r  methods  including (1) use   o f   hydrogen   ge t t e r s ,  

( 2 )  magnetic arc shapes  and  molten metal stirrer, 
and ( 3 )  cryogenic   cool ing .  

"_ Surface  . - Hydrogen   Analys is .   Analy t ica l   t echniques   for  
de te rmining   sur face   contaminants  w e r e  f i r s t   s t u d i e d  a t  I I T R I  

and a f u r t h e r   s t u d y  w a s  conducted a t  the  Boeing Company. (28) 
(20 1 

Three  techniques w e r e  found t o  be e f f e c t i v e   i n   d e t e c t i n g  
hydrogen  contaminants. The f i r s t   o n e  w a s  gas  chromatography. 
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It is  r e a d i l y  calibratable method  which  could  measure  adsorbed 
surface  contaminants.  It does no t   r ead i ly   l end  i tself  to  
manufac tur ing   appl ica t ions   s ince   the   ins t rumenta t ion   and  
sampling  techniques are q u i t e  complex. 

The second  technique  involves   radioact ive tracers. This 
method i s  capable   of   reveal ing  the  complete   adsorpt ion/  
desorp t ion   cyc le   wi th  minimum dis turbance   o f   the  surface being 
measured. The r a d i o a c t i v e  tracer method,  however, i s  mainly 
a r e sea rch   t oo l .  

The th i rd   t echn ique  was spark  emission  spectroscopy. I t  

e s s e n t i a l l y   h e a t s ,   d e s o r b s ,   d i s s o c i a t e s ,  a d  e x c i t e s   c e r t a i n  
spec ie s  which e x i s t  on t h e  su r face .  The method  of  measurement 
invo lves   t he   quan t i t a t ive   de t e rmina t ion   o f   r e l a t ive   f i lm  
densities produced by exposure t o  spa rk   exc i t ed   spec t r a .  
This  spark  emission method  of s u r f a c e   a n a l y s i s   a p p e a r s   t o  
r a t e   su r f aces   i n   acco rdance  w i t h  the i r  r e l a t i v e  hydrogen- 
contaminat ion  levels .  

Surface  Preparat ion.  ~~ ~ A s tudy w a s  conducted a t  I I T R I  

to   deve lop  new techniques   for   p repar ing   c lean  metal su r faces  
adequate  for  welding. A prac t ica l   sys tem  for   p repar ing  the 

welding  surfaces   of  aluminum  components was developed  and 
demonstrated. The system  consis ts   of   dry  mil l ing the abu t t ing  
edges  and  adjacent  surfaces  of aluminum t o  remove contaminated 
surface  layers   and  expose a f r e s h   s u r f a c e  w i t h  a low defect 

p o t e n t i a l .  A prototype  device was designed  and  fabr icated 
to   demons t r a t e   t he   f eas ib i l i t y   o f  t h e  system. 

The prototype  device was used   to   p repare  t h e  weld  surfaces 
of f l a t  and  curved aluminum p l a t e s  w i t h  a squa re   bu t t  weld 

joint   configurat ion.   These  surfaces  were evaluated  on t h e  

bases of  gas  tungsten-arc  spot  and seam weld soundness, 
Proficorder  measurements,  and  scanning  electron  microscopy. 
Results  from  these  evaluations  proved t h e  technique,  sys tem,  
and  prototype  device  to  be s a t i s f a c t o r y   f o r   t h e   i n t e n d e d  
app l i ca t ion .  
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An a t t empt   a l so  w a s  made fo r   u s ing  e lectr ical  discharge 
techniques   for   p repar ing  clean metal sur faces .   Unfor tuna te ly ,  
a l l  o f   t he   t h ree   t echn iques   i nves t iga t ed   f a i l ed   t o   p roduce  
sur faces   wi th  l o w  we ld   de fec t   po ten t i a l .  

Monitoring  Shielding G a s .  A study w a s  conducted a t  t h e  
Boeing Company, wi th   the   fo l lowing   ob jec t ives :  (28 1 

1. Def ine   t he   sh i e ld ing   gas   p ro f i l e s   o f   t yp ica l  
production  weld  torches.  

2 .  De te rmine  the  degree  of  contamination  introduced 
i n t o   t h e   a r c   r e g i o n  as a r e s u l t   o f   j o i n t   d e f e c t s .  

3. C o r r e l a t e   t h e  above  with  weld  porosity. 

A spec ia l   p robe  was designed  which  could  continuously 
sample a very small por t ion   o f   the   gas   and   de l iver  it t o  a 
mass spec t rometer   for   ana lys i s .  By means of the  motor  driven 
probe it was poss ib l e   t o   s can   t he   gas   sh i e ld   and   r e l a t e  
compos i t ion   t o   pos i t i on   and   t o   r econs t ruc t  t h e  contamination 
p r o f i l e .  The mass spectrometer w a s  set to   cont inuous ly  
monitor  oxygen. A t yp ica l   s can  is shown i n   F i g u r e  5-31. 

From t h e s e  scans t h e   d i s t a n c e s  a t  which  oxygen-reached 1 0 ,  

100, 1000 ,  and 5000 ppm were recorded. 

The t e s t  r e su l t s  may be summarized a s  follows’: 

1. If sh ie ld ing  gas flow r a t e  i s  adequate,  gaps do 
no t   pe r tu rb  t h e  contaminat ion   prof i le   bu t  i f  

f low  ra tes   a re   reduced   to  where gaps may cause 
contamination, t h e n  movement of t h e  torch  and 
o t h e r   s l i g h t   d r a f t s   d i s t u r b   t h e   s h i e l d i n g   g a s  
enough to  completely  overshadow  any  effect  of t h e  
gap.  This  condition w a s  a l s o  found t o   e x i s t   f o r  
mis f i t s   (F igure   5 -32) ,  t ha t  i s ,  e i t h e r  no change 
i n  the p r o f i l e  was found o r   d r a f t s  overshadow 
t h e   e f f e c t .  
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2. A helium f l o w  rate t h a t  i s  adequate  for  s h o r t  
t o r c h  t o  work d i s t a n c e  becomes  inadequate a t  
l o n g e r   d i s t a n c e s .  When c a r r i e d  t o  ex t r eme ,   t he  
r eg ion  of zero   contaminat ion   decreases  to  a 
small cone. A t  t h e   s h o r t e r   t o r c h  t o  work 
d i s t a n c e s   t h e  work forces t h e   s h i e l d   g a s   o u t ,  
t h u s   t h e r e  i s  adequate  coverage. When a gap 
i s  e n c o u n t e r e d ,   t h e   p r o f i l e   e x h i b i t s  a t r a n s i t i o n  
t o  tha t   obse rved   w i th   no  work p r e s e n t ,  when t h e  
gap i s  la rge   enough.  

3 .  The above-ment ioned   t rans i t ion  i s  dependent  upon 
helium  flow ra te .  A t  a f l o w  rate high  enough t o  
p rov ide   adequa te   cove rage   t he   t r ans i t i on   occu r s  
a t  a l a rge   gap .  A t  lower f l o w  rates t h e   g a s  
s h i e l d  i s  u n s t a b l e   w i t h   r e s p e c t  t o  s l i g h t  a i r  
movement a n d   t h e   t r a n s i t i o n   c a n n o t   b e   s e e n .  
T h e s e   d a t a   i n d i c a t e   t h a t   j o i n t   v a r i a t i o n s  may 
have  very little in f luence   on   sh i e ld ing .  

4 .  The data ob ta ined  so f a r   s t r o n g l y   s u g g e s t s   t h a t  
m e c h a n i c a l   j o i n t   d e f e c t s  do n o t  lead t o  p o r o s i t y .  
That i s ,  m e c h a n i c a l   j o i n t   d e f e c t s  do n o t   e a s i l y  
porduce  poor   shielding  and i f  t hey   cou ld ,  atmos- 
p h e r i c   c o n t a m i n a t i o n ,   p a r t i c u l a r l y  moist a i r ,  
c a n n o t   e n t e r   t h e  arc r e g i o n   i n   s u f f i c i e n t   q u a n -  
t i t ies t o  p roduce   po ros i ty   i n  aluminum  even  under 
t h e  most adverse p roduc t ion   cond i t ions .  

Methods for  Reducing  Porosi ty .  I t  has  been shown t h a t  
hydrogen  contamination  can be reduced o r  e l imina ted   th rough 
p r o p e r   s u r f a c e   p r e p a r a t i o n ,   c l e a n l i n e s s   p r e c a u t i o n s   d u r i n g  
the   hand l ing   o f   t he  materials, and  welding  procedures.  
However, c a r e f u l l y   t h e s e   p r o c e d u r e s  are observed,  though, 
some hydrogen may s t i l l  be p r e s e n t   i n   t h e   m o l t e n   p u d d l e .  
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Thus, i t  is  d e s i r a b l e  t o  dev i se  a means wi th in   t he   we ld ing  
process  t o  e l i m i n a t e  o r  n e u t r a l i z e   h y d r o g e n   t h a t  may be 
present ,   and   thus   reduce   poros i ty .   Three   separa te  means 
o f   d o i n g   t h i s  w e r e  s t u d i e d   i n   d i f f e r e n t   p r o g r a m s .  

1. Hydrogen Getters. I t  is  known t h a t   c e r t a i n  
e lements  w i l l  ac t  as scavengers  of hydrogen, 
e i t h e r   e l i m i n a t i n g  it or combining  with it i n  
a harmless  form. The problem i s  how t o  i n t r o -  
duce  these  e lements  t o  the   weld ing   process .  
A t  Southern   Research   Ins t i tu te ,   exper iments  
were made of s t u d y i n g   t h e   u s e  of scavenging 
e lements   inc luding  T i ,  Z r ,  C e  and C a .  I n   t h e  
work  conducted so f a r ,   n o   s i g n i f i c a n t   r e d u c -  
t i o n   i n   p o r o s i t y  was obta ined   th rough  use  of 
powders as scavenger   e lements ,   and   in  some 
cases t h e   s e v e r i t y  of p o r o s i t y  was i nc reased .  
The r e s u l t s ,  however ,   do  not   necessar i ly  mean 
t h a t   t h e   t h e o r y  of scavenger  elements is wrong. 
F u r t h e r  work should  be  done t o  deve lop   o the r  
methods of us ing   t hese   e l emen t s .  

2 -  Macrnetic A r c  ShaDer  and  Molten-Puddle S t i r r e r s .  
Another   possible   method  of   reducing  porosi ty  i s  
t h e   u s e  of m e c h a n i c a l   d e v i c e s   t h a t   e i t h e r   a g i t a t e  
t h e   p u d d l e   o r  osc i l la te  o r  shape  the  plasma.  Both 
puddle   s t i r r ing   and   p lasma  osc i l la t ion   have   proved  
s u c c e s s f u l   i n   r e d u c i n g   t h e  level o f   po ros i ty ,  
a l though   t he   pe rcen t   r educ t ion  w a s  r e l a t i v e l y  
small. However, a t t a i n i n g   t h i s   r e d u c t i o n   r e q u i r e s  
the  addi t ion  of   complicated  equipment  t o  t h e  
welding  torch.  

3 .  Cryogenic  Cooling. The r e s u l t s   o b t a i n e d  a t  Harvey 
Aluminum have shown t h a t   p o r o s i t y   c o u l d   b e   r e d u c e d  
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by  c ryogenic   cool ing   dur ing   weld ing .  However, t h e  

percentage  of p o r o s i t y   r e d u c t i o n  w a s  r e l a t i v e l y  
small. The use  of t h i s  me thod   i n t roduces   t he   r i sk  
of contaminat ing   the   weld   and   fur ther   compi ica tes  
the   weld ing   process .  More s tudy  i s  needed  before  
conclus ive   s ta tements   can   be   g iven  on t h i s  subject. 

5.  Weld Thermal   Effects  

It  i s  known t h a t   t h e   t r a n s v e r s e   s t r e n g t h  of a weldment 
i n c r e a s e s  as we ld ing   hea t   i npu t   dec reases .   F igu re  3-2 
summar izes   t he   expe r imen ta l   r e su l t s   ob ta ined   a t  MSFC on t h e  
e f f e c t s   o f   w e l d i n g   h e a t   i n p u t  on t h e   u l t i m a t e  t ens i le  s t r e n g t h  
of welds i n  2219-T81 and 2219-97.86 alloys. ( 4 , 6 , 7 )  

When t h e   w e l d   h e a t   i n p u t  i s  between 4 0 , 0 0 0  and 1 0 0 , 0 0 0  

j o u l e s / i n  , t h e   u l t i m a t e   s t r e n g t h   o f  a weld i s  between 
37,500  and 4 2 , 0 0 0  p s i .  A s  t h e   h e a t   i n p u t   d e c r e a s e s ,   t h e  

w e l d   s t r e n g t h   i n c r e a s e s   s h a r p l y   r e a c h i n g  as high  as 57,000 p s i  
w i th  a 1 0 , 0 0 0  j o u l e s / i n 2   h e a t   i n p u t  by  electron-beam  process.  
The  2218-T87 base  metal has  a s t r e n g t h  of 6 9 , 0 0 0  p s i ,   a b o u t  
1 0 , 0 0 0  p s i  of wh ich   s t r eng th  i s  due t o  s t r a i n   h a r d e n i n g .  The 
s t r e n g t h  of t h e   a l l o y   i n   t h e   u n s t r a i n e d   c o n d i t i o n ,  T-62 ,  i s  
l i s t e d  a t  59,000 ps i ,   near ly   reached   in   e lec t ron-beam  welds  
of 1 0 , 0 0 0  j o u l e s / i n .  2 

2 

Time-Temperature  Effect.   Jackson (57)  proposed  the 
t ime-temperature  concept t o  s t u d y   t h e   e f f e c t s   o f   h e a t   i n p u t  
o n   t h e   s t r e n g t h   o f  aluminum  welds. ( 5 )  Figure  6-2 shows t h e  
temperature   change  during  welding  of  a p o i n t   i n  a weldment. 
Maximum temperature  is def ined  as the  peak  temperature  which 
the   mater ia l   be ing   jo ined   exper iences   dur ing   the   weld ing  
h e a t   c y c l e .  T i m e  a t  temperature  i s  de f ined  as t h e  time t h a t  

t h e   m a t e r i a l   b e i n g   j o i n e d  i s  above   t he   t empera tu re   t ha t  
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adve r se ly  affects s t r e n g t h   p r o p e r t i e s  of 2219-T87 aluminum 
a l l o y  are found to  be adve r se ly   a f f ec t ed   above  450' F.  

An i n v e s t i g a t i o n  w a s  made t o  d e v e l o p   r e l a t i o n s h i p s  
be tween   we ld   hea t   i npu t   and   s t r eng th   cha rac t e r i s t i c s  of 2219 
aluminum  welds. By t h e  use  of m u l t i v a r i a t e   r e g r e s s i o n   a n a l y -  
sis of e x p e r i m e n t a l   d a t a ,   t h e   r e l a t i o n s h i p  among maximum 
temperature ,  t i m e  a t  temperature ,   and  mechanical   property 
c h a r a c t e r i s t i c s   i n c l u d i n g   y i e l d   s t r e n g t h ,  u l t imate  t e n s i l e  
s t r e n g t h ,   a n d   e l o n g a t i o n  w e r e  determined. 

The fo l lowing   gene ra l   conc lus ions  w e r e  drawn as a r e s u l t  
o f   t h i s   i n v e s t i g a t i o n .  

1. Maximum temperature  and t i m e  a t  temperature  were 
found t o  b e   s i g n i f i c a n t   i n   m e a s u r i n g   e f f e c t i v e  
we ld   hea t   i npu t .  

2 .  Current   and t ravel  speed were t h e   o n l y   c o n t r o l l a b l e  
i n d e p e n d e n t   v a r i a b l e s   t h a t   s i g n i f i c a n t l y   a f f e c t e d  
t i m e  a t  t empera tu re   wh i l e   vo l t age ,   cu r ren t   and  
t u n g s t e n   l e n g t h   a f f e c t e d  maximum temperature .  

3. D e f i n i t e   m a t h e m a t i c a l   r e l a t i o n s h i p s  can be developed 
desc r ib ing   t he   i n t e rac t ions   be tween   we ld   hea t   i npu t  
and factors t h a t   r e q u i r e   o p t i m i z a t i o n .  

6 .  Welding . ~~ with  High  Density Power  Sources 

A s  shown i n   F i g u r e  3-2, h i g h e r   s t r e n g t h s  are ob ta ined  
with  welds  made wi th  lower ene rg ie s .   Expres sed   d i f f e ren t ly ,  
welds made wi th   h igh  power d e n s i t i e s   a n d   a p p r o p r i a t e   p a r a -  
meters w i l l  p roduce   h igher   s t rengths .   At tempts  were made t o  
weld   wi th   h igh   dens i ty  power sources .  

Experiments ~" t o  Inc rease  GTA Power Densi ty .  A s tudy  w a s  
conducted a t  Lockheed-Palo A l t o  (25 )  t o  i n v e s t i g a t e  
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p o s s i b i l i t i e s   t o   s i g n i f i c a n t l y   i n c r e a s e   t h e  power dens i ty  of 
GTA welding.  Subjects  studied  include (1) modif ica t ion   of   the  
e lec t rode   (ca thode) ,  (2) modification  of  the  workpiece  (anode),  
(3) modif icat ion  of   the  shielding  gas ,   and ( 4 )  use  of  magnetic 
f i e l d s  t o  cons t r ic t   the   a rc   p lasma.  The important   f indings 
ob ta ined   i n   t he   s tudy  are as follows: 

S i g n i f i c a n t   i n c r e a s e s   i n  arc power dens i ty  as 
measured  by  narrowing  of the continuum, were 
noted   for   addi t ions   o f  20  vo l  % hydrogen t o  
helium o r  argon  shielding  gas .   Ni t rogen  addi t ions 
to   he l ium  a l so   i nc reased  power dens i ty ,   pa r t i cu -  
l a r l y   i n   c o n c e n t r a t i o n s  of 40  vol % o r   g r e a t e r .  
The greatest   increase  measured,  however,  was with 
the   addi t ion   o f  0 . 5  vol % SF t o  helium. 

The improvement i n  weld penetration  and  depth-to- 
width r a t i o   o b t a i n e d   i n  the bead-on-plate tests 
i s  much smaller  than  suggested by the  continuum 
data:   for  example,   an  increase of about 30% com- 
pared to  a tenfo ld   increase   in   the   cont inuum power 
dens i ty   measured   for   the  SF6 addition.  Moreover, 
n i t r o g e n   a d d i t i o n s ,   a c t u a l l y  r e s u l t e d  i n  lower 
depth- to-width  ra t ios  i n  stainless s teel .  

The u s e  of   mater ia ls   with  high  thermionic   emission 
fo r   t he   e l ec t rode   ( ca thode )  shows some promise 
with up t o  a 6 0 %  inc rease  i n  power d e n s i t y ,   a s  
measured by the  continuum,  and  about a 30% inc rease  
i n  depth- to-width   ra t ios ,   for   the   t ip   conf igura t ions  
s tud ied .  

The use  of a long i tud ina l   magne t i c   f i e ld  resulted 
i n  a s l ight   narrowing  of  the cur ren t   wid th   on   the  
copper  anode  but  caused  severe  distortion  of  the 
weld  pool   under   pract ical   welding  condi t ions  in   the 
bead-on-plate tests. 

6 
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N o  improvement i n  power d e n s i t y  w a s  o b s e r v e d   i n   t h e  
experiments  t o  modify  the  anode. 

The depth-to-width ra t ios  a t t a i n a b l e  by t h e   e l e c t r o n  
beam welding  process are over t e n  times g r e a t e r   t h a n  
t h e  best GTA cond i t ions .  The t o t a l  power f o r   e a c h  
process  i s  of t h e   o r d e r   o f  5 KW ye t   because  of t h e  
d i f f e r e n c e   i n   t h e   s i z e  of t h e   h e a t  source as it 
impinges  on  the work t h e  maximum e l e c t r o n  beam power 
d e n s i t y  i s  of t h e   o r d e r   o f  109W/cm2 whereas   the GTA 

t h e  maximum power a v a i l a b l e  i s  of t h e   o r d e r  of 
1 0  W/cm2. The r e s u l t s   o f   t h i s   s t u d y   d e c r e a s e d   a b o u t  
1 / 2  t h e   d i f f e r e n c e   o f  power dens i ty   be tween  the  t w o  
methods b u t   t h e  power d e n s i t y   o f   e l e c t r o n  beam 
welding w i l l  still be  about  1 0 0  times t h a t  of the 

tungs t en  arc process .  

5 

Elec t ron  Beam Welding.  In  1963, MSFC made i t s  first 

e f f o r t   t o   u s e   a n   e l e c t r o n - b e a m   w e l d i n g   s y s t e m   f o r   f a b r i c a t i n g  
l a r g e   a e r o s p a c e   s t r u c t u r e s .  A "spl i t -chamber"   concept  as 
designed by the   Sc iaky   Bro the r s  Company w a s  used. MSFC chose 
the   33 - foo t   d i ame te r   r i ng   t ha t  makes t h e   t r a n s i t i o n   f r o m  a 
bulkhead t o  a c y l i n d e r   i n  t h e  Sa turn  V f i r s t   s t a g e .  The 

c r o s s  section o f   t h e   r i n g  forms a Y ,  as shown i n   F i g u r e  6-7.  

Three  segments were j o i n e d  w i t h  EB s y s t e m   i n t o  a complete 
r i n g .  

Non-Vacuum .~ Elec t ron  Beam Welding. A newly  developed 
high-vol tage,  non-vacuum electron-beam  welding  system w a s  
d e l i v e r e d  t o  MSFC i n  1 9 6 9  by  Westinghouse. (22 1 

Powered  by 150  KV supply ,   the   welder  i s  of a unique 
compact  design. The power  supply  and  welding  gun,  complete 
w i t h   a l l   h i g h  vacuum pumps and   accesso r i e s ,  are assembled 
i n t o  a 2 1 0 - l b  package  that   can  be  mounted i n  e i t h e r   t h e  
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downhand or   hor izonta l   weld ing   pos i t ion   (F igure  6 - 9 ) .  I t  i s  
mounted  on a convent ional  side beam c a r r i a g e .   F l e x i b l e  low 
vacuum l ines   permit   the   welding  head to  be traversed four 
feet  i n  a s t r a i g h t   l i n e .  The complete   uni t  i s  enc losed   i n  a 
l ead   sh i e lded  room. 

Welding has been  done  on 1/4-inch t h i c k  aluminum  and 
1/8-inch  and  1/2-inch t h i c k  steel. 

But t o   o b t a i n  non-vacuum EB welds i n  aluminum t h a t   a r e  
similar i n  shape t o  hard vacuum welds, welding  must be done 
a t  more than 200 in/min. Narrow welds made a t  any  speed 
impose s t r ic t  accuracy  requirements.   Transverse  deviations 
of the beam from t h e  center of t h e  j o i n t ,  and j o i n t  gaps  of 
more than 0 . 0 0 5  i nch   can   r e su l t  i n  lack of fus ion .  The 

s i t u a t i o n  i s  grea t ly   exaggera ted  when t h e  gun i s  moving a t  
200 in/min. A t  t h i s  speed a seam t rack ing  device would 
have t o  move t h e  gun sys t em  l a t e ra l ly  0 . 0 0 5  inch i n  3 1 /3  

inches  of  forward movement per   second.   In   addi t ion,  
shielding  of   personnel  from x-rays  generated  by the high 
vol tage  means t ha t  remote  monitoring of welding i s  necessary.  

Much analysis,   development,   and  planning  are  necessary 
before  the system  can be considered  applicable  and t h u s  
v e r s a t i l e .  

Plasma  Electron Beam Welding. A study was conducted a t  
General  Electric to   deve lop  a plasma electron-beam (PEB) 

s y s  t e m .  PEB i s  a new kind   of   e lec t ron  beam source  based 
on a cold  hollow  cathode  gas  discharge  (Figure 6 - 1 0 ) .  With 
a pressure  of  about 1 0  microns of nitrogen,  for  example,  a 
body  of  plasma fills t h e  cathode  and  an  electron beam forma- 
t i o n  takes place.  

(26 1 

Capabili ty  of  this  equipment was demonstrated  by a 
narrow  penetration  weld 1 3/4 inches  deep  into 5456 ma te r i a l .  
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P o r o s i t y  w a s  n o t   p r e s e n t  a t  t h e  roo t  of t h e   w e l d ,   i n d i c a t i n g  
good e l e c t r o n  beam s t a b i l i t y  as compared t o  convent iona l  
e l e c t r o n  beam welding  systems. The p r i n c i p l e  of o p e r a t i o n  
i s  d i s c u s s e d   i n   d e t a i l   i n   t h e   f i n a l   r e p o r t  f r o m  General 
Electric.  PEB o f f e r s   t h e   a d v a n t a g e s  of long  cathode l i fe  and 
good performance  under  poor vacuum conditions  where  gaseous 
contaminants may be p r e s e n t .  Par ts  can be welded i n  an 
atmosphere of about  75 microns.   For   welding  s t ructures  too 
large t o  be   conta ined  i n  a vacuum chamber, it would seem 
f e a s i b l e  t o  e x t r a c t   t h e   e l e c t r o n  beam i n t o  a small chamber 
which moves a long   the   weld  seam mainta in ing  a reduced   pressure  
by  means  of a s l i d i n g  seal. 

7 .  Time-Temperature .- Contro l  - by Cryogenic  Cooling 

A s tudy  w a s  made a t  Harvey Aluminum (I5) of cryogenic  
coo l ing  as a means of shor ten ing   thermal   cyc les   and   thus  
improv ing   t ens i l e   p rope r t i e s   o f  aluminum  weldments.  General 
i nc reases   o f  4 t o  1 0  p e r c e n t   i n   y i e l d   s t r e n g t h  were ob ta ined  
by cryogenic   cool ing .  The u l t i m a t e   t e n s i l e   s t r e n g t h  a l so  
i n c r e a s e d  t o  some e x t e n t  by cryogenic   cool ing.  The u l t i m a t e  
t e n s i l e   s t r e n g t h s  of t h e   u n c h i l l e d  welds ,  as r e p o r t e d  by 
Harvey, were i n  the v i c i n i t y  of 4 0  k s i .  Th i s  appears  t o  be 

o n l y   t h e  s ta r t  of the upswing  of t he  heat i n p u t - s t r e n g t h  
curve   (F igure  3-2). Much h i g h e r   s t r e n g t h s  are y e t   a v a i l a b l e  
by f u r t h e r   r e d u c i n g   h e a t   i n p u t .  The e f f ec t iveness   o f   c ryo -  
gen ic   coo l ing  may become g r e a t e r  as t h e   w e l d   h e a t   i n p u t  
decreases .  

However, t o  a t t a i n   t h e  improvement, a r i s k  i s  taken   of  
contaminat ing  the  weld,  e i ther  by t h e   c o o l i n g  j e t  o r  by 
condensa t ion   on   t he   su r f ace .   Fu r the r   s tud ie s  are needed 
t o  o b t a i n   c o n c l u s i v e   r e s u l t s   o n   t h i s   s u b j e c t .  
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8 .  Analysis of Thermal  Stresses  during  Welding  and 
Residual  Stresses 

Several  aerospace  companies  have  encountered  distortion 
problems  during  fabrication  of  the  Saturn V components 
including  welded  fuel  and  oxidizer  tanks.  Although  produc- 
tion  practices  have  been  developed  to  temporarily  overcome 
these  problems,  they  are  empirical  solutions  and  little is 
known  about  the  mechanisms  causing  such  distortion.  It  is 
essential  to  understand  the  mechanisms  in  order  to  develop 
methods  for  minimizing  distortion  effects  during  fabrication 
of future  vehicles. 

MSFC  recognized  the  importance  of  conducting  research 
on  mathematical  analysis of thermal  stresses  and  metal 
movement  during  welding  and  supported  studies at Battelle 
and  M.I.T.. Computer  programs  have  been  developed  to 
calculate  transient  thermal  stresses  during  welding  and 
resulting  residual  stresses. 

(29) 
( 3 0 )  

Existing  One-Dimensional  Programs.  The  Battelle  study 
uses  the  technique  which  was  originally  developed  in 1964 
by  Tall. ( 5 9  6 0 )  The  Battelle  analysis  was  one-dimensional. 
It  was  assumed  that (1) the  stress  component  parallel  to 
the  direction  of  welding, ox, is  a  function  of  the  lateral 
distance  from  the  weld, y, only  and (2) o and T are  zero 
(see  Figure 7-1). 

Y  XY 

The  Battelle  computer  program  is  written  in  FORTRAN IV 
computer  language  for  use  on  a  Control  Data  Corporation  (CDC) 
6400 computer  system  including  a  Cal-Comp  plotter.  The 
program  is  written  for  bead-on-plate  welds  made  in  any 
material  (provided  its  mechanical  and  physical  properties 
with  various  temperatures  are  available)  under  any  welding 
conditions. 
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The  Battelle  program  was  imporved  during  a  study  at  M.I.T. 
completed  in  October, 1970. Table 7-1 shows  comparison  be- 
tween  the  Battelle  and  the M.I.T. programs.  Major  differences 
are : 

1 1  

2) 

Strain  hardening of the  material  is  considered in the 
M.I.T.  program,  while  the  material is assumed  to  be 
perfectly  plastic  in  the  Battelle  program.  In  both 
programs,  however,  the  yield  strength, cs y s ,  changes 
with  temperature. 

The M.I.T. program includes  the  analysis of stresses 
and strains,  while  the  Battelle  program  analyses  are on 
stresses  only.  The  analysis  of  strain is important 
in  comparing  results of the  theoretical  study  with 
experimental  data,  because  strains  are  usually 
measured  in  an  experiment. 

The  M.I.T.  program  is  written  in  FORTRAN IV for  use on 
an  IBM 360/65 computer. 

M.I.T.  Two-Dimensional  Analysis.  Under  a  current  contract 
for MSFC, a study is being  conducted  at  M.1.T  to  develop  a 
two-dimensional  analysis  of  thermal  stresses  during  welding. 
All  three  components, ux, u and ‘1: are  analyzed  as  functions Y XY 
of x and y .  The  analysis  used  the  finite-element  method. 

Examples of Analytical  Results.  Figures 7-3 through 7-6 
show  results  obtained on a  sample  weld.  Figure 7-6 shows  the 
isostress  pattern  around  the  welding  arc.  There is a  high 
compressive  stress  area  shortly  ahead of the  heat  source; 
however,  values  of  compressive  stresses  are  very  low  in  high- 
temperature  areas  very  close  to  the  heat  source.  There  is  a 
narrow  tensile-stress  zone  along  the  center  line  behind  the 
heat  source,  and  compressive-stress  zone  expands  outwards  in 
a  horse-shoe  shape. 
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From  the  standpoint of metal  movement  in  the  thickness 
direction  during  welding,  which  causes  joint  mismatch,  the 
compressive  stress  zone  appears  to  be of particular  impor- 
tance.  If  the  plate  is  thin, or the  compressive-stress  zone 
is  large,  the  plate  may  buckle  during  welding.  Distortion 
in  the  thickness  direction  also  may  be  caused  if  the  tempera- 
ture  and  stress  distributions  are  not  uniform in the  thick- 
ness  direction. 

Effects of Welding  Parameters.  M.I.T.  researchers 
studied  effects  of  welding  parameters  on  thermal  stresses 
during  welding  of 2219-0 aluminum  plates  and  resulting 
residual  stresses.  The  analysis  included  effects  of  welding 
parameters  on: 

1) High  tensile  thermal  stresses  in  areas  behind  the  arc 
2 )  Compressive  thermal  stresses  in  areas  ahead  of  the  arc 
3 )  Size of plastic  zone 
4 )  Residual  stress  distributions 

The  maximum  value  of  tensile  residual  stress  at  the 
weld  center is as  high  as  the  yield  stress  of  the  material 
at  room  temperature,  regardless  of  welding  conditions. 
However,  the  width of tensile  residual  stress  zone  is 
affected by welding  parameters. 

As shown  in  Figures 7-9 and 7-10, linear  net  heat  input, 
h  joules/in/in,  is  the  most  significant  factor  that  affect 
the  width of tensile  residual  stress  zone,  and it increases 
with  increasing  heat  input.  The  effect of heat  input,  however, 
is  not  linear.  The  increase  in  the  width  of  tensile  residual 
stress  zone  per  unit  increase  in  heat  input  decreases  as  heat 
input  increases. 

From  the  practical  viewpoint,  the  results  clearly  show 
the  advantage of using  low  welding  heat  input  to  reduce 
residual  stresses  and  distortion. 
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Effects  of  Material  Properties.  An  analysis  was  made  of 
effects  of  material  properties on residual  stresses.  Materials 
studied  include  low-carbon  steel,  ultrahigh  strength  steel, 
solumbium, and  tantalum  as  well  as  aluminum  alloys. 

The  width  of  tensile  residual  stress for  ultrahigh-strength 
steel is very  narrow.  This  is  primarily  due  to  the  fact  that 
only  a  very  narrow  zone  undergoes  plastic  deformation  during 
welding. 

On  the  other  hand,  the  widths  of  tensile  residual  stress 
zones  are  very  large  for  welds in  columbium  and  tantalum. 
Since  both  columbium  and  tantalum  have  relatively 1.o~ yield 
stresses  at  a  wide  temperature  range,  very  large  areas  of 
plastic  deformation  occur  during  welding.  The  results  suggest, 
that  residual  stresses  and  distortion  can  be  quite  a  problem 
during  welding  some  refractory  metals  including  columbium 
and  tantalum. 

Experimental  Investigation.  An  experimental  investigation 
was  made  at  M.I.T.  to  evaluate  the  accuracy  of  the  mathematical 
analysis. To simplify  the  investigation,  experiments  were 
conducted on bead-on-plate  welds  made  in 2219-0 aluminum  alloy. 
Temperature  changes  during  welding  were  measured  by  thermo- 
couples,  while  strain  changes  were  measured  by  strain  gages 
mounted on specimen  surfaces. 

On  the  basis of comparison  between  experimental  and 
analytical  results,  it  has  been  concluded  that  one-dimensional 
stress  analysis developeaat M.I.T. can  be  used  as  an  appro- 
ximate  analysis  to  investigate  general  trends of stress  changes 
during  welding  and  resulting  residual  stresses.  However,  the 
current  analysis  is  not  adequate  to  study  complex  stress 
2hanges  near  the  welding  arc. 
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9 .  Reduction of Warpage  and  Residual Stresses by 
Control l ing  Thermal   Pat tern  during  Welding 

A s tudy  w a s  conducted a t  Harvey Aluminum t o  i n v e s t i g a t e  
t h e   f e a s i b i l i t y  of reducing   warpage   and   res idua l  stresses i n  
aluminum  weldments  by c o n t r o l l i n g   t h e   t h e r m a l   p a t t e r n   d u r i n g  
welding. ‘ 2 4 )  The concep t   i nvo lves   t he   u se  of cryogenic  
l i q u i d s   a n d   a u x i l i a r y  heat sou rces  t o  produce   cont rac t ion   and  
expansion  of metal i n   t h e   v i c i n i t y  of w e l d s   i n   s u c h  a manner 
as to   coun te rba lance   expans ion   and   con t r ac t ion   caused   by  
welding. 

A s  shown i n  Table 7-3 ,  it  w a s  p o s s i b l e  t o  produce 
unwarped   pane ls   e i ther   wi th  o r  wi thou t   t he   u se   o f   c ryogen ic  
cool ing .  The problem, however, was l o w  r e p e a t a b i l i t y  of 
e x p e r i m e n t a l   r e s u l t s .   C h i l l i n g  a l so  was found t o  reduce 
r e s i d u a l  stresses. 

The s tudy  a t  Harvey Aluminum proved the f e a s i b i l i t y  of 
apply ing   the   concept  of ba l anc ing  thermal stresses dur ing  
welding t o  c o n t r o l   d i s t o r t i o n   a n d   r e s i d u a l  stresses. The 

computer  programs  developed a t  M.I .T .  can be u s e f u l  f o r  
de te rmining   the  optimum the rma l   pa t t e rn   t o   min imize  d i s tor -  
t i o n   a n d   r e s i d u a l  stresses. 

1 0 .  Development of Non-destructive  Techniques  for  Determining 
Residual  Stresses and  Fat igue Damage i n  Metals 

A s tudy  w a s  conducted a t  t h e  Benson  and Associates t o  
deve lop   non-des t ruc t ive   t echniques  f o r  non-des t ruc t ive  mea- 
s u r i n g   r e s i d u a l  stresses and   f a t igue  damage. (27)  

U l t r a s o n i c  Stress Measurements .   After   evaluat ing the 

c u r r e n t   s t a t u s   o f   v a r i o u s   u l t r a s o n i c   s y s t e m s ,  it was decided 
tha t  d e t a i l e d   s t u d i e s  be made on   the   fo l lowing  t w o  systems: 
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(1) Modified t i m e  of f l i g h t   s y s t e m   ( F i g u r e  7-23) 
(2) Frequency  nul l   system  (Figure 7 - 2 4 ) .  

A f t e r  conduct ing   fundamenta l   inves t iga t ions   us ing  
specimens  with known stress values,  a n   i n v e s t i g a t i o n  was 
made t o  app ly   t he   u l t r a son ic   t echn iques   on   we ldmen t s .  

Although it h a s   b e e n   f o u n d   t h a t   t h e   u l t r a s o n i c   t e c h -  
niques may be  used for  de te rmin ing   r e s idua l  stresses, more 
s t u d i e s  are needed   before   these   t echniques   could   be   used  
fo r   measu r ing   r e s idua l  stresses i n   e n g i n e e r i n g   s t r u c t u r e s .  

Detec t ion   of   Fa t igue  Damage. A l i m i t e d   s t u d y  w a s  made 
t o  e s t a b l i s h   r e l a t i o n s h i p s   b e t w e e n  e lectr ical  s u r f a c e  
r e s i s t a n c e   a n d   f a t i g u e  damage.  The format ion   of   microcracks  
due t o  f a t i g u e  damage a t  t h e   s u r f a c e  may be  thought  of as a 
l o c a l i z e d   i n c r e a s e   i n   s u r f a c e   r o u g h n e s s .  An a t tempt  w a s  
made to   de t e rmine   t he   change  of surface  roughness  by  measur- 
i n g  the  i n c r e a s e   i n   s u r f a c e   r e s i s t i v i t y   u s i n g   h i g h   f r e -  
quency waves. 

11. T r a n s f e r a b i l i t y   o f   S e t u p  Parameters 

I n   t h e   s t u d y  a t  Lockheed-Georgia(17), it was found tha t  

d u p l i c a t e  trace record ings  of s i x   b a s i c  GTA we ld ing   va r i ab le s  
ind ica t e   we lds ,  i f  we ld - jo in t   p repa ra t ion ,   t oo l ing ,   and  
weld ing   pos i t ion   have   been   dupl ica ted .  The s i x   v a r i a b l e s ,  
i n   o r d e r  of importance,  are t r a v e l   s p e e d ,   e l e c t r o d e   t i p  
p o s i t i o n ,   c u r r e n t ,   v o l t a g e ,   g a s   p u r i t y ,   a n d   e l e c t r o d e   t i p  
diameter .  On t h e   b a s i s  of expe r imen ta l   r e su l t s   conduc ted  
on GMA we lds ,   t he   r eg res s ion   ana lyses   u sed  were no t   cons i -  
dered re l iab le  and   no   f ina l   conc lus ions   have   been  made. 

Exper imenta l   da ta  were s t a t i s t i c a l l y   a n a l y z e d   t o  
d e t e r m i n e   a n a l y t i c a l   r e l a t i o n s h i p s  among welding  parameters  
and   we ld   p rope r t i e s   i nc lud ing   pene t r a t ion ,   nugge t   shape ,   and  
mechanica l   p roper t ies  of t h e   j o i n t .  However, t h e s e  r e su l t s  
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are not   comple te ly   sa t i s fac tory .   Fur ther   s tudy   needs   to  be 

made of the  physical  meanings of the equations  used. 

1 2 .  Selection  of  Welding  Parameters 

Selecting  proper  welding  parameters has been  an 
important  problem for welding  engineers.  When fus ion  
welding  high-strength heat-treated aluminum a l l o y s ,  t h e  

following two major  problems  need t o  be considered i n  
se lec t ing   parameters :  (1) mechanical  properties  of weld- 
ments  and (2)  po ros i ty .  Other problems  such  as  suscepti-  
b i l i t y   f o r  weld  cracking  also  need  to be considered. 

In   o rder   to   improve  the mechanical properties of weld- 
ments, it i s  recommended that   welding  parameters  t ha t  pro- 
duce  small heat i n p u t  be used. A lower  welding  current  and 
a h i g h e r   a r c   t r a v e l  speed produce smaller heat inpu t .  
Figure A-4 can be used as a guide   for   eva lua t ing  the effect  

of heat i n p u t  on the s t rength   o f  a welded j o i n t .  

The select ion  of   proper   welding parameters t o   c o n t r o l  
p o r o s i t y   r e q u i r e s  more analyses .  The use of high heat 
i n p u t  wi th  s low  cool ing  tends  to   cause a small  number of 
l a rge   pores ;  loss of c ros s - sec t iona l   a r ea  may be l o w ,  bu t  
the loss of s t rength  due  to   welding  thermal  e f f ec t  is g r e a t .  
U s e  of a small  heat i n p u t  w i t h  f a s t   coo l ing   t ends   t o   cause  
a l a r g e  number of   f ine   pores ;  loss of   s ec t iona l   a r ea  due t o  
poros i ty  may be high.  More study i s  needed t o  develop a 

technique   for   sc ien t i f ica l ly   se lec t ing   weld ing   parameters .  

13.  Recommendations f o r  Weld Inspect ion 

Recommendations f o r  the  r e v i s i o n  of t h e  cu r ren t   i n spec t ion  
s tandards i s  o u t s i d e  the  scope of t h i s  r e p o r t .  However, it 
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seems e s s e n t i a l   t o   r e v i e w  some po in t s   t ha t   a r e   sugges t ed  by 
the  current  programs  and are p e r t i n e n t   t o   t h e s e   s t a n d a r d s .  
Only general   conclusions are given  here.  

Small  Pores. A l a r g e  number of f ine   pores ,   say  less 
than 0 . 0 3  inch  i n  diameter ,   can  cause  s ignif icant   reduct ion 
of c r o s s - s e c t i o n a l   a r e a ,   r e s u l t i n g   i n   c o n s i d e r a b l e  loss of 
s t r e n g t h .  However, p resent   inspec t ion   s tandards   t end  to  
place  inadequate  emphasis  on  the  importance  of the f i n e  poxes 
t h a t   a r e   o f t e n  found i n  aluminum welds.   Further  study  should 
be made to   de te rmine  more exact ly   the  importance  of   these 
pores.  

Stress Sta te   o f  a J o i n t .  Welds t h a t   a r e   l o a d e d   p a r a l l e l  
t o   t h e   w e l d i n g   d i r e c t i o n   a r e  less s e n s i t i v e  i n  t h e i r  mechani- 
ca l   behavior   to   defec ts   than   welds   tha t   a re   loaded   t ransverse  
t o   t h e  weld  direct ion.   Consequent ly ,   d i f ferent   acceptance 
levels of  porosity  might  be  used,  depending upon t h e  l o c a t i o n  
of a weld  and  the  direct ion  of   the  weld  re la t ive  to   the 
direct ion  of   load  expected  during service. 

Improved  Nondestructive  Testing.  Improved  nondestructive 
tes t ing  techniques  should  be  developed f o r  determining  the 
to t a l   c ros s - sec t iona l   a r ea   o f   f l aws  i n  t he   expec ted   f r ac tu re  
plane.   Mult iple  X-ray s h o t s   a p p e a r   t o   o f f e r  t h e  best   promise.  

14. Recommendations f o r  Weld Repair 

It  i s  known tha t   repa i r   welds ,   un less   they  are made very 
c a r e f u l l y ,  may have   p rope r t i e s   i n fe r io r  t o  normal  welds. The 
repair   welds  can c rea t e   h igh   r e s idua l  stresses and   addi t iona l  
d i s to r t ion .   Fa i lu re s   i n   va r ious   s t ruc tu res   have   been   t r aced  
d i r e c t l y   t o   r e p a i r   w e l d s .   I n  many cases ,   porosi ty   does  not  
cause  high stress concentrat ion,   and loss of   s t r eng th   due   t o  
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poros i ty  i s  rather   minor .  It  is recommended t h a t  weld   repa i rs  
be kep t  t o  a minimum. I n  some cases where  defects  are n o t  
c r i t i c a l ,  welds  might better be l e f t  unrepaired.  

15. Closing Comments 

The NASA e f f o r t s  have  been directed toward  taking  the 
black  magic  out  of  the a r t  of welding  and  transform i t  i n t o  
a sc ience .  I t  i s  b e l i e v e d   t h a t  w e  have  achieved some progress  
toward  the  goal.  

A t  t he   end   o f   t h i s   i n t eg ra t ion   r epor t ,   f ou r   p rac t i ca l  
p recaut ions   a re   p resented   tha t   should   be   fo l lowed  dur ing  
welding 

1. 

2. 

3 .  

4 .  

f ab r i ca t ion   o f  aluminum s t r u c t u r e s :  

The s u r f a c e   c l e a n l i n e s s  i s  impor t an t   t o   a s su re  good 
weld   qua l i ty   wi thout   poros i ty .  A technique  which 
appears t o  be most e f f e c t i v e  i s  t o  remove a t h i n  
sur face   l ayer   o f  metal immediately  before  welding. 

Commercial s h i e l d i n g   g a s e s   t h a t  m e e t  t h e   p r e s e n t  
NASA spec i f i ca t ions   a r e   su f f i c i en t ly   pu re .  

The p resen t  NASA s p e c i f i c a t i o n s  on chemical 
compositions  of  base  metal  and f i l l e r  metal a r e  
a l so   adequa te ,   a s   f a r   a s   t he  weld po ros i ty  i s  
concerned. 

I t  i s  important   to   weld  with  high heat d e n s i t y ,  
because it c a u s e s   a n   i n c r e a s e   i n   j o i n t   s t r e n g t h ,  
a r e d u c t i o n   i n   d i s t o r t i o n ,  and i n h i b i t s   t h e  
growth  of  hydrogen  porosity. 

T h e  above comments a r e   d i r e c t l y   a p p l i c a b l e   t o   l a r g e ,  
c r i t i c a l ,   a e r o s p a c e   s t r u c t u r e s .  However, b a s i c   p r i n c i p l e s  
can   a l so  be a p p l i c a b l e   t o   o t h e r  aluminum s t r u c t u r e s .  
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1 6 .  L i s t  ." ". of Impor tan t   Future  Work 

From the   mi s t akes   o f   yes t e rday ,  from t h e   c l a r i f i c a t i o n  
of problems,  and from each b i t  of   p rogress ,  come t h e   p l a n s  
f o r  f u t u r e   r e s e a r c h .  

To p u r s u e   t h e   u l t i m a t e   p u r p o s e   o f   t h e  NASA welding 
r e s e a r c h ,   t h a t  i s ,  t o  improve   t he   pe r fo rmance   and   r e l i ab i l i t y  
o f   space   veh ic l e s ,   fu r the r   r e sea rch   shou ld   be   conduc ted   on  a 
number of s u b j e c t s .  Some of t h e   c u r r e n t   s t u d i e s   s h o u l d  be 

c a r r i e d   f u r t h e r ,   a n d   s t u d i e s   o n  new subjects need t o  be  
i n i t i a t e d .  The fo l lowing  l i s t  shows some of t h e   s t u d i e s  
which are impor tan t  t o  f u r t h e r   i m p r o v e   t h e   q u a l i t y   o f   w e l d s  
i n   h i g h - s t r e n g t h   h e a t - t r e a t e d  aluminum a l l o y s :  

1. 

2. 

3 .  

4 .  

5. 

6. 

The 

Develop a way f o r  mechanized removal of  a t h i n  
l aye r   o f  metal from s u r f a c e s  t o  be  welded. 

Develop a method f o r   m e a s u r i n g   t h e   p u r i t y  of 
s h i e l d i n g   g a s  a t  t h e  weld ing   to rch .  

Determine  gas   shielding  adequacy  where  joints  
h a v e   g a p s ,   o f f s e t s ,  e tc .  

F u r t h e r  correlate weld   defec ts   and   se rv ice  
per formance   to  establish more r a t i o n a l   r e q u i r e m e n t s  
of t h e   w e l d   q u a l i t y .  

Fu r the r   deve lop   ana ly t i ca l   me thods   fo r   e s t ima t ing  
and   cont ro l l ing   weld   mismatch   and   d i s tor t ion .  

Improve t h e   s t r e n g t h  of a weldment  by a l t e r i n g  
mechanisms  of  strengthening  aluminum  welds. 

new k n o w l e d g e   o b t a i n e d   i n   t h e s e   s t u d i e s   s h o u l d   b e  
u s e f u l   f o r   a e r o s p a c e   a n d  other i n d u s t r i e s .  
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